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SUMMARY 

A s i m u l a t i o n   s t u d y  was conducted to e v a l u a t e   t h e   d e l i v e r y   p e r f o r m a n c e   o f   a n  
earlier proposed   f ixed-pa th   meter ing   and   spac ing  (M & S) system  and t o  de termine  
if use   o f   the   microwave   landing   sys tem (MLS) improved   t he   sys t em ' s   de l ive ry  per- 
formance over t h a t   a c h i e v e d   w i t h   t h e   c u r r e n t   i n s t r u m e n t   l a n d i n g   s y s t e m  ( I L S ) .  
The M & S algorithms u s e d   i n   t h e   s t u d y  are d e s c r i b e d   w i t h   a d d i t i o n a l  detail  and 
f l o w   c h a r t s   i n c l u d e d   i n   t h e   a p p e n d i x e s .  The M & S system assumes an a i r c r a f t  
two-dimensional area n a v i g a t i o n  (RNAV) c a p a b i l i t y ,   a n d   t h e   t h r e e   n a v i g a t i o n   s y s -  
tems compared were as f o l l a w s :  (1)  Very   h igh   f requency   omnidi rec t iona l   range/  
d i s t a n c e   m e a s u r i n g   e q u i p n e n t  (VOR/DME) and ILS; ( 2 )  VOR/DME and ?40° MLS; and 
( 3 )  VOR/DME and  +600 MLS . The s t u d y  was made w i t h  a computer ized  Terminal  Area 

A i r  T r a f f i c  Model (TAATM), w h i c h   c o n t a i n s   p e r t i n e n t   e n   r o u t e   e f f e c t s ,   a n d   t h e  
results o f   t he   s tudy  were compared to  a fu l l - c rew,   p i lo t - in - the - loop  cockpit 
s i m u l a t i o n .  

The b a t c h   ( f a s t - t i m e )   s i m u l a t i o n   r e s u l t s  show t h a t   t h e  a i r c r a f t  
i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   a t   t h e   o u t e r  marker is o n l y   r e d u c e d   f r a n  
9.2 to  7.9 sec when t h e  +60° MLS r e p l a c e s   t h e  VOR/DME f o r   n a v i g a t i o n   d u r i n g  
f inal-spacing  path-adjustment   maneuvers .  Though t r u e  f o r   t h e   p a r t i c u l a r  geome- 
t r y   s t u d i e d ,   f u r t h e r   i n v e s t i g a t i o n  showed t h i s  r e s u l t   r e f l e c t s   t h e   i n t e r a c t i o n  
of t w o  types   o f   approach  route. F o r   o n l y   s t r a i g h t - i n  routes there was no   ver i -  
f i e d   d i f f e r e n c e   b e t w e e n   t h e   i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n  of t h e  MLS 
and ILS systems;   however ,   there  was a 2 .6 - sec   advan tage   fo r   t he  MLS sys t em  wi th  
a geomet ry   con ta in ing   on ly   d i r ec t - cour se -e r ro r  (DICE) t u r n  f inal-approach 
routes. For t h e   s y s t e m   s t u d i e d   t h e  wider coverage &60° MLS o f f e r s  no  advantage 
ove r   t he  basic k4Oo MLS system. 

Real-time cockpit data i n d i c a t e   t h a t  mov ing   t he   ga t e  closer t o  t h e  runway 
t h r e s h o l d ,   a l t h o u g h   t h e o r e t i c a l l y  possible because  of  MLS p r e c i s i o n ,  may a f f e c t  
t h e   i n t e r a r r i v a l   d e l i v e r y   p r e c i s i o n  of t h e  M 6 S s y s t e m .   I n t e r a r r i v a l   d e l i v e r y -  
error dev ia t ions   ach ieved   du r ing   t he   s tudy  were s u b s t a n t i a l l y  less than   t hose  
usua l ly   quo ted  for cur ren t   manual   vec tor ing   procedures .   The   s tudy  also demon- 
s t ra ted  t h a t  most o f   t he   t e rmina l   a r ea   ho ld ing  is t r a n s f e r r e d  to  more f u e l -  
e f f i c i e n t ,   h i g h e r   a l t i t u d e   e n  route d e l a y  when t h e   e n  route t ime-base   meter ing  
is coupled to  t h e   t e r m i n a l   s c h e d u l i n g   a n d   s p a c i n g  process i n   t h e  M & S system. 
A r e d u c t i o n   i n   t e r m i n a l   d e l a y   n o t   o n l y   s a v e s   f u e l   b u t   i n c r e a s e s   s a f e t y   b y   r e d u c -  
ing   conges t ion   and   l ower ing   t he  w o r k  l o a d   o f   b o t h  pilots a n d   c o n t r o l l e r s .  

1 . 0 INTRODUCTION 

A s t u d y  was u n d e r t a k e n   i n   r e s p o n s e  t o  a F e d e r a l   A v i a t i o n   A d m i n i s t r a t i o n  
(FAA) need to  more c c m p l e t e l y   e v a l u a t e  a p a r t i c u l a r   e a r l y - d e s i g n   f i x e d - p a t h  

me te r ing   and   spac ing  (M & S) system (refs. 1 t o  4) and t o  d e t e r m i n e   i f   u s e   o f  
t he   mic rowave   l and ing   sys t em (MLS) fo r   app roach   gu idance   improved   t he   sys t em ' s  
de l ive ry   pe r fo rmance .  The proposed  f ixed-path M & S system  emphasizes   the  use 
of RNAV pa ths   t oge the r   w i th   canpu te r -de r ived   i nd ica t ed -a i r speed  commands t o  t h e  
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pilot i n  order to minimize route v a r i a t i o n s   n o r m a l l y   u s e d   i n   a c h i e v i n g  a precise 
s c h e d u l e d   l a n d i n g  time. T h e   r e g u l a t i o n  of t h e  flow rate  ( m e t e r i n g )   i n t o   t h e  
terminal is accompl i shed   v i a  a time-based process. 

L i m i t e d   s i m u l a t i o n   e v a l u a t i o n s  (refs. 1 t o  4 )  of a m e t e r i n g   a n d   s p a c i n g  
system  using speed c o n t r o l ,   t r a n s i t i o n   v e c t o r i n g ,  and two-dimensional W A V  w i t h  
direct  e n g a g e   c a p a b i l i t y  were encourag ing .   These   s tud ie s   demons t r a t ed   t he  work-  
a b i l i t y  of t h i s  type of s y s t e m   a n d   y i e l d e d   r e s u l t s  comparable to  M & S sys tems 
us ing   on ly   vec to r ing .   Ano the r   eva lua t ion ,   wh ich   u sed  a s i n g l e - a i r c r a f t  root- 
sum-square error a n a l y s i s   ( r e f .  5 ) ,  c a l c u l a t e d   t h e   d e l i v e r y   p e r f o r m a n c e  of a 
s t r i c t l y   s p e e d - c o n t r o l   ( f i x e d - p a t h   o n l y )   s y s t e m   a n d  a lso t h a t  of a speed-cont ro l  
s y s t e m   w i t h   f i n e   t u n i n g   t h r o u g h  RNAV d i r ec t - engage   t ime- to - tu rn   maneuver s   i n   t he  
b a s e - l e g   r e g i o n .   T h i s   a n a l y s i s   i n d i c a t e d   t h a t  a wide-coverage MIS would  have 
s i g n i f i c a n t   s u p e r i o r i t y   o v e r   o t h e r   n a v a i d s   i n  i ts a b i l i t y  t o  support a f i x e d -  
pa th   speed-cont ro l   sys tem.  

A more r i g o r o u s   i n v e s t i g a t i o n   t h r o u g h   s i m u l a t i o n  was deemed n e c e s s a r y  t o  
cons ide r   t he   sys t em  pe r fo rmance  of t h e  MLS f ixed -pa th   sys t em.  A more real is t ic  
a n d   d e t a i l e d   s i m u l a t i o n   w o u l d   e v a l u a t e   t h e   m u l t i p l e  a i r c r a f t  i n t e r a c t i o n s  of 
t h e   s y s t e m   s u b j e c t e d  to v a r i o u s   t r a f f i c  demands. Also needed was v e r i f i c a t i o n  
of t h e o r e t i c a l   r e s u l t s  on such man-machine i s s u e s  as communication  delays  and 
pi lot  r eac t ion   unde r  r e a l i s t i c  work- load   condi t ions .  

F a c i l i t i e s   u s e d   i n   t h e   i n v e s t i g a t i o n   a r e   t h e   T e r m i n a l  Area A i r  T r a f f i c  
Model (TAATM) and the   Te rmina l   Conf igu red   Veh ic l e  (TCV) A f t   F l i g h t  D e c k  Simu- 
lator a t  the   Lang ley   Resea rch   Cen te r   ( r e f .  6 ) .  The f i x e d - p a t h  M & S c o n t r o l  
l o g i c  was i n c o r p o r a t e d   i n t o  TAATM and its geometry   conf igured  t o  t h e  Denver 
Terminal  Area used i n  references 1 t o  5. C u r r e n t   o p e r a t i o n a l   g e o m e t r y   i n   D e n v e r  
is d i f f e r e n t ,   b u t   i n   o r d e r  t o  make c o m p a r i s o n s   w i t h   p r e v i o u s   r e s u l t s ,   t h e   o r i g i -  
n a l   c o n f i g u r a t i o n  was used i n   t h i s   i n v e s t i g a t i o n .  The TAATM is a f l e x i b l e  
dynamic model o f   t he   a i rbo rne ,   nava id ,   g round   con t ro l ,   and   communica t ions  
aspects o f   t h e   t e r m i n a l  area environment  which  can  run i n   e i t h e r   f a s t  time 
( b a t c h  mode) or i n  real  time. The TAATM also m o d e l s   p e r t i n e n t   e n   r o u t e   e f f e c t s .  
P i lo t - in- the- loop   exper iments  were conduc ted   w i th   t he  TAATM a n d   t h e  TCV s i m u l a t o r  
i n t e g r a t e d   t o g e t h e r .   T h e  TAATM i n   c o n j u n c t i o n   w i t h  a s i m u l a t i o n   o p e r a t o r  pro- 
vided  an  operat ional   environment   and  voice commands to t h e  TCV s i m u l a t o r .  The 
TCV s i m u l a t o r   t h e n  became o n e   o f   t h e   a i r c r a f t  to  be c o n t r o l l e d   i n   t h e  TAATM 
a i r s p a c e  . 

The report is o r g a n i z e d  so t h a t   t h e   s y s t e m   s t u d i e d  i s  f i r s t   d e s c r i b e d   a n d  
t h e n   t h e   i n v e s t i g a t i o n   r e s u l t s   a n d   c o n c l u s i o n s   f o l l o w .   S e c t i o n s  2.0 and 3.0 
e x p l a i n   t h e   t e r m i n a l   g e m e t r y   a n d   t h e   f i x e d - p a t h ,   s p e e d - c o n t r o l  M & S system 
e v a l u a t e d .   S e c t i o n  4.0 d e s c r i b e s   t h e  models used t o  r e p r e s e n t   n a v i g a t i o n   a n d  
system errors.  L i m i t a t i o n s   i n   t h e  M & S system were o b s e r v e d   d u r i n g   t h e   i n v e s -  
t i g a t i o n   a n d   p r e s e n t e d   i n   s e c t i o n  5.0. S e c t i o n  6.0 p r e s e n t s   t h e   f a s t - t i m e  
( b a t c h )   s t u d y  resu l t s  w h e r e a s   s e c t i o n  7.0 p r e s e n t s   t h e  real-time p i l o t - i n - t h e -  
loop f i n d i n g s .  The e n t i r e   i n v e s t i g a t i o n   r e s u l t s  are summarized i n   s e c t i o n  8.0. 
Appendix A g i v e s   t h e   d e r i v a t i o n   o f  a p r o c e d u r e   f o r   d e t e r m i n i n g   s y s t e m   i n t e r -  
a r r i v a l  time-error pe r fo rmance   f rom  s ing le -a i r c ra f t ,   r ou te -dependen t   a r r iva l  
errors. This  allows a d i r ec t   compar i son  of real-time r e s u l t s   w i t h   t h o s e  
o b t a i n e d   f r o m   s y s t e m   i n t e r a r r i v a l - e r r o r   p e r f o r m a n c e   m e a s u r e d   i n   f a s t - t i m e   r u n s .  
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Appendixes B and C g i v e  more d e t a i l s  of t h e  M & S system  and a i rcraf t  n a v i g a t i o n  
modes  and  appendix D c o n t a i n s  M & S con t ro l - log ic   f l ow  d i ag rams .  

S e v e r a l  of t h e   f i g u r e s  are e x a c t   d u p l i c a t e s  of the   d i sp l ays   u sed ,   and  as 
such   t hey   con ta in   measu remen t s   i n  feet. To c o n v e r t   t h e s e   v a l u e s  t o  meters, use  
t h e   f o l l o w i n g   c o n v e r s i o n :  1 f t  = 0.3048 m. A l s o ,  knots  are i n d i c a t e d   i n  sane 
f i g u r e s  as K. 

U s e  of trade names or names o f   m a n u f a c t u r e r s   i n   t h i s  report does not  con- 
s t i t u t e   a n  official  endorsement of such   products  or m a n u f a c t u r e r s ,   e i t h e r  
expressed  or implied,  by the   Na t iona l   Aeronau t i c s   and   Space   Admin i s t r a t ion .  

2.0 A I R  TRAFFIC CONTROL (ATC) TERMINAL AREA METERING 

AND SPACING ENVIRONMENT FOR DENVER 

The   te rmina l  area environment for t h e   m e t e r i n g   a n d   s p a c i n g   s t u d i e s  was 
d e s i g n e d   b a s e d   o n   t h e   p r o p o s e d   s p e c i f i c a t i o n s   i n   r e f e r e n c e  4. The o v e r a l l  con- 
f igu ra t ion   a s suming  MLS c a p a b i l i t y  is d e p i c t e d   i n   f i g u r e  1 , which shows t h e  
merger of t w o  o f   t h e   s e v e n   a r r i v a l   r o u t e s   i n t o  a s i n g l e   s t r a i g h t - i n   a p p r o a c h  
f r o m   t h e   e a s t  (BYERS),  merger of t w o  routes i n t o  a nor th   corner -pos t   approach  
(LONCNONT) , one  southwest   corner-post   approach (SHAWNEE) , and  merger  of  the 
l a s t  t w o  routes i n t o  a south   corner -pos t   approach   pa th  (ELIZABETH). The four 
ATC i n t e r s e c t i o n s  (VOR/DME d e f i n e d )  for w h i c h   t h e   s t a n d a r d   t e r m i n a l   a r r i v a l  
r o u t e s  (STAR'S)  are named a r e   t h e   s o - c a l l e d   m e t e r i n g  or i n i t i a l   a r r i v a l   f i x e s  
(IAF's) a t  which  holding stacks are deployed when necessary.   Each p a t h  from 
t h e   t e r m i n a l   a r e a  perimeter t o  t h e   f i n a l - a p p r o a c h   g a t e  is a two-dimensional area 
n a v i g a t i o n  (RNAV) p a t h   d e f i n e d  by nav iga t ion   waypo in t s .   Excep t ions  t o  t h i s  
are t h e  r ace t r ack - shaped   ho ld ing   pa t t e rns   and   t he   de l ay   vec to r   a r eas .   The  way- 
p i n t  names and l o c a t i o n s  do n o t   n e c e s s a r i l y   r e p r e s e n t   r e a l i t y   i n   t h e   D e n v e r  
a rea   bu t  were chosen t o  s a t i s f y   t h e   e x p e r i m e n t a l   r e q u i r e m e n t s  for t h e  TAATM 
M & S s i m u l a t i o n .  

The d i f f e r e n c e s   i n   g e a n e t r y   b e t w e e n   t h e  MLS and  convent iona l  ILS conf ig-  
u r a t i o n s  are a s s o c i a t e d   w i t h   t h e   l o c a t i o n  of t h e  outer marker  with respect t o  
t h e  runway  touchdown  zone  (TDZ). I n   t h e o r y ,   t h e   f i n a l - a p p r o a c h   c m o n   p a t h  
can be s h o r t e n e d   i f  RNAV-equipped a i r c r a f t   u t i l i z e   t h e  wider, h i g h - p r e c i s i o n  
coverage   a f forded  by t h e  MLS system t o  i n t e r c e p t   t h e   e x t e n d e d - r u n w a y   c e n t e r l i n e  
closer to  the   th reshold .   Thus ,   for   the  TAATM M & S, t h e   o u t e r  marker l o c a t i o n s  
are 3.5  and 5.5 n.mi. f r a n   t h e  TDZ f o r  MLS and ILS, r e s p e c t i v e l y ,   w i t h  corre- 
s p o n d i n g   d i f f e r e n c e s   i n   t h e   l o c a t i o n s   o f   t h e   a p p r o a c h  GATE, ALTURA, NORTH2, and 
SOUTH2 waypoints.  The a l t i t u d e   o b j e c t i v e s  a t  t h e   g a t e   ( g l i d e - s l o p e   i n t e r c e p t  
a l t i t u d e s  a t  t h e   o u t e r  marker) are 1981 and 21 34 m (6500 and 7000 f t )   f o r   g l i d e  
slopes of 3.00° and 2.75O for  MIS and ILS a p p r o a c h e s ,   r e s p e c t i v e l y .  

I n   g e n e r a l ,   t h e   i n i t i a l  a r r iva l  c l e a r a n c e  for the   rou te   s egmen t s   f rom  the  
perimeter t o  t h e  IAF calls for a d e s c e n t  t o  t h e  IAF a l t i t u d e  followed  by a 
250-knot  speed command. The d e l i v e r y  time f o r   t h e   s p e e d  command is  computed 
to provide  ea r l i e s t  time o f   a r r i v a l  a t  t h e  IAF based  on perimeter p e n e t r a t i o n  
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speed and nominal deceleration  rate  for  the  particular  class of a i rc raf t .  I n  
other words, t h e  speed objective  should be  met j u s t  as  the  aircraft  reaches  the 
f i x .  

ELIZABETH 

\RT. 7 

Figure 1 . Fixed-path  metering and SpaCing/MLS Configuration  for 
runway 26 arrival  routes  at   Stapleton  International  Airport ,  
Denver,  Colorado. 
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However, i f  a ho ld ing  stack is i n  use  a t  t h e  IAF, t h e   n e x t   a v a i l a b l e  s tack a l t i -  
t u d e  is assigned  fol lowed  by a 210-knot  speed command d e l i v e r e d  a t  t h e   a p p r o p r i -  
a t e  computed time. A l l  ho ld ing  stacks c o n s i s t   o f   f o u r  levels s t a r t i n g  a t  t h e  
IAF a l t i t u d e   a n d   i n c r e m e n t e d  by 305 m (1 000 f t )  upward. 

To maintain t h e   f u t u r e   c o n t r o l l a b i l i t y   t h a t  would be l o s t  by t h e  210-knot 
c o n s t r a i n t   i n   t h e   h o l d i n g   p a t t e r n ,  a s p e e d   i n c r e a s e  is u s u a l l y   r e q u e s t e d   b y   t h e  
speed-cont ro l  rou t ine  (depend ing   on   ex i s t ing   cond i t ions )   upon   depa r tu re   f rom  the  
IAF. T h i s  is an e x c e p t i o n  t o  the   normal  practice o f   i s s u i n g   s p e e d   r e d u c t i o n s  
only   and  is no t   ob jec t ionab le   f rom a p i l o t a g e   v i e w p o i n t  because of t h e   p o t e n t i a l -  
t o - k i n e t i c   e n e r g y   t r a n s f e r   a v a i l a b l e   d u r i n g   t h e   e n s u i n g   d e s c e n t .  

The f o l l o w i n g   s e c t i o n s   d e s c r i b e   t h e  particular r e g i o n s   o f   a p p l i c a t i o n   o f  
t h e  M h S c o n t r o l   c o n c e p t   d i s c u s s e d   i n   d e t a i l   i n   s e c t i o n   3 . 0 .   T y p i c a l   d e l a y  
times a t t a i n a b l e   w i t h   s p e e d  control o n l y  are shown f o r  a Boeing  737-class air-  
c r a f t   i n   t h e   f o l l o w i n g  list: 

BYEM a r r i v a l .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66 sec 
LONGMONT a r r i v a l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  61 sec 
SHAWNEE a r r i v a l  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  104 sec 
ELIZABETH a r r i v a l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  65 sec 

2.1 BYE= Approach 

The s t r a i g h t - i n  B Y E S  a p p r o a c h   n a v i g a t i o n   p l a t e  is shown i n   f i g u r e  2. Due 
t o  t h e   l i m i t e d   s p e e d - c o n t r o l   d e l a y   c a p a b i l i t y   a n d   h e a v y   u t i l i z a t i o n   o f   t h i s   p a t h  

FIXED  PATH  M&S/MLS 
DENVER  COLORADO 
BYERS ARRIVAL  - RUNWAY 26 

DENVER  APP  CON __ 120.5  200.1 
LOCAL  CON 1 10.3  257.0 
ATIS 125.6 

N 

/VARIATION 13" EAST 1 

F i g u r e  2.- BYEM STAR n a v i g a t i o n  plate. 
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( 4 0  p e r c e n t   o f   t h e   a r r i v a l   t r a f f i c )  , t h e   a i r c r a f t   o n   r o u t e s  1 and 2 are  g iven  
l a n d i n g   p r i o r i t y   o v e r   t h o s e   o n   t h e   o t h e r   t h r e e   a p p r o a c h   p a t h s .   T h u s ,   h o l d i n g  
stacks a t  BYERS are r e q u i r e d  much less f r e q u e n t l y   t h a n  a t  t h e   o t h e r  IAF's. The 
remainder  of t h e   p a t h   c o n t a i n s  two s p e e d - c o n t r o l   r e g i o n s  (BYERS t o  WATKINS and 
WATKINS to G A T E )  w i t h   f i r m   s e q u e n c i n g   a n d  possible p a t h   s t r e t c h i n g   o c c u r r i n g  a t  
WATKINS 

2.2 LONGMONT Approach 

A r r i v a l  routes 3 and 4,  c a r r y i n g  35 p e r c e n t  of t h e   t r a f f i c ,  merge a t  t h e  
MEEKER i n t e r s e c t i o n   b e f o r e   r e a c h i n g   t h e  LONWONT IAF as shown i n   f i g u r e  3 .  

FIXED  PATH  M&S/MLS 
DENVER,  COLORADO 
LONGMONT  ARRIVAL - RUNWAY 26 

DENVER APP CON - 
LOCAL CON 

120.5  288.1 

AT1 S 
1 18.3 257.8 
125.6 

RT' 3 \  

(141') 

N 
I 

I T R I A T I O N  130 EAST] 
" 

MEEKER 

LONGMONT 
If No Hold 

250K 14000' 
Cross at 

f?%) 
\ 

f Kr. 4 

If No Hold 

250K 14000 
Cross at 

\ 

BRIGHTON 
11.000' 

Cross at 
150K 6.500' 

F i g u r e  3 . -  LONGMONT STAR n a v i g a t i o n   p l a t e .  
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Speed   con t ro l  may be a p p l i e d   i n  t w o  r e g i o n s  (LONCXONT to  BRIGHTON and BRIGHTCN 
to  NORTHl), w i t h   p o s s i b l e   p a t h   s t r e t c h i n g  a t  BRIGHTON. 

Firm  sequencing takes place j u s t  p r i o r  t o  reach ing  NORTH , a t  which p i n t  
t h e  minimum p a t h   d i r e c t  to  ALTURA is a s s i g n e d  i f  p r e c e d i n g   t r a f f i c  permits. 
Otherwise ,   the   convent iona l  downwind l e g  is a s s i g n e d   f r o m   w h i c h   t h e   i n i t i a l  DICE 
countdown t o  ALTURA is c a n p u t e d .   F i n a l  D I C E  t u r n s  t o  GATE are canputed  f rom 
t h e  minimum p a t h  or base ( c r o s s w i n d )   l e g   a l o n g   w i t h  a speed  command s u c h   t h a t  
f i na l - approach   speed   r educ t ion  is c a n p l e t e d  a t  t h e   g a t e .  

2.3 SHAWNEE Approach 

The l i g h t e s t  route load ing   (10   pe rcen t )  occurs on a r r i v a l  route 5 (SHAWNEE, 
f i g .  4 ) .  I r o n i c a l l y ,   t h i s   p a t h   h a s   t h e   g r e a t e s t   s p e e d - c o n t r o l   c a p a b i l i t y ,   w i t h  
three   reg ions   be tween SHAWNEE and SOUTH1 . I n   a d d i t i o n ,   p a t h   s t r e t c h i n g  may be 
a p p l i e d  a t  CONIFER. Firm sequencing is done j u s t  p r i o r  t o  SOUTH and  employs 
t h e  same o p t i o n s  as d e s c r i b e d   f o r   t h e  LONGMONT approach.  

FIXED PATH M&S/MLS 
DENVER,  COLORADO 
SHAWNEE  ARRIVAL - RUNWAY 26  

DENVER  APP  CON  -120.8 363.0 
LOCAL  CON  1  18.3 257.8 
ATIS 1 2 5 . 6  

N 
I 

[VARIATION 1 3 "  EAST 1 

0 

1 5 y { 3 R A  
Cross at 

7,000' 

F i g u r e  4.- SHAWNEE STAR n a v i g a t i o n   p l a t e .  
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2 . 4  ELIZABETEI Approach 

Arrival  routes 6 and 7, w i t h  1 5  percent of the   t ra f f ic ,  merge a t   the  IAF 
(ELIZABETH, f ig .  5). Beyond ELIZABETH, the  control  regions  are  essentially t h e  
same as on the LONGMONT approach. 

FIXED  PATH M&S/MLS 
DENVER  COLORADO 
ELIZABETH ARRIVAL - RUNWAY 26 

DENVER APP CON - 
LOCAL CON 

120.8 363.0 
1 18.3 257.8 

AT1 S 125.6 

1 1  6.3 DEN 
Q 

d' ALTURA 

N 
Cross at 
150K 6 500' 

]VARIATION 13' EAST 1 . . .  

170K I 170K 

SOUTH 1 SOUTH2 

10,000' FRANKTOWN i 0 I"'"""1 
117.5 IOC 

If No Hold 
Cross at 
25GK 12.000' 

(550') 

RT. 6 I 

Figure 5.- ELIZABETH STAR navigation  plate. 

2.5 Controller  Sector  Allocation 

For the  real-time M & S studies  described i n  section 7.0, the Denver 
terminal  area is divided  into  four  controller  sectors. The North Approach 
Control is responsible  for  aircraft  on the BYERS and LONGMONT paths between 
the  perimeter and firm-sequencing  points.  Likewise,  South Approach Control 
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is responsible  for  the same areas on the SHAWNEE and ELIZABETH approaches. A l l  
control  for  the D I C E  areas from the firm-sequencing points of each route t o  
the  outer marker is al located  to  Local Approach Control.  Finally,  the  landing 
clearance and associated  information is issued by Stapleton Tower Control. 

3.0 DESCRIPTION OF THE FIXED-PATH METERING 

AND SPACING (M & S) CONTROL CONCEPT 

3.1 Overall View  of the  Fixed-Path M & S System 

The basic  functions of the M & S system are  to  establish a desired  a i rcraf t  
landing  sequence, to  assign  scheduled  times of arrival  at   the  outer marker (OM) 
which provide  adequate interarrival  spacing between a i r c ra f t ,  and to   o f fe r  con- 
t r o l  commands i n  order to  realize  these scheduled  times of arr ival .  I n  order 
t o  accomplish these  functions  the system ut i l izes   three  levels  of control: 
Metering,  delay  spacing, and precise   f inal  spacing. The particular  control 
algorithms used i n  t h i s  study  are an adaptation of the  procedures  described i n  
references 1 t o  4 for  the Denver terminal  area. These algorithms  are  described 
i n  greater  detail  i n  sections 3 . 2  and 3.3 .  Flow charts  that  accmpany  the d is -  
cussion i n  these  sections can be found i n  appendix D. 

A s  seen i n  figure 6 ,  the  three  levels of M & S control  are performed on 
an arr iving  a i rcraf t  depending on its position  relative  to  the runway. I n  the 
figure,  the  perimeter  entry  line  represents  the  transition  position  fran en 
route  control  to  terminal  control  at  terminal  radar  acquisition. The so l id   l ine  
f r m  perimeter  entry to   the  runway represents  the  desired  fixed f l i g h t  path of 
the a i r c ra f t  w i t h i n  the  terminal  control  region. The i n i t i a l   a r r i v a l   f i x  (IAF) 
is denoted by a t r iangle  on the  flight  path and is the  point w i t h i n  the  terminal 
area toward which en route  control is responsible  for  feeding  aircraft. The 
dashed l ines  i n  the  figure  represent  the  initiation of particular  control  actions 
which define  the  boundaries of the M & S control  levels. Beginning a t  perimeter 
entry and  moving toward the  outer marker (OM) , the  dotted  lines  represent  the 
holding  delay  region, a backup delay  vector  region, and the  fine-tuning  direct- 
course-error (DICE) delay  area,  respectively. 

Metering is responsible  for  controlling  the flow ra te  of a i rcraf t   in to   the 
terminal  area. The metering  region is bounded by the 20-min flight-plan-message 
and the 5-min flight-plan-message M & S control  actions. T h i s  region f a l l s  
w i t h i n  the en route  control  region where controllers  are  responsible  for  feeding 
a i r c ra f t   t o  a terminal  area I A F  w i t h  adequate  separation. The 20-min f l i g h t -  
plan message is issued by an  en route  controller  to  the M & S system when a par- 
t i cu la r   a i rc raf t  under the  controller 's   jurisdiction is estimated to   a r r ive   a t  
an IAF i n  20 minutes. T h i s  message ident i f ies   the   a i rc raf t   to   the  M & S system 
and triggers the  metering  control  logic. Th i s  logic  is responsible  for  calcu- 
la t ing  needed en route  delay when the flow ra te  toward the IAF or  into  the  ter-  
minal area  reaches some threshold above capacity. I f  no delay is requested by 
the system the en route  controller  permits  the  aircraft  to  proceed. If delay 
is needed, the M h S system issues  to  the en route  controller a target time t o  
deliver  the  aircraft   at   the IAF. The controller is then  responsible  for  the 
a i r c r a f t  achieving its target time. 
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Figure 6.- Metering and spacing control philosophy. 
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Delay   spac ing  i s  r e s p o n s i b l e  for d y n a m i c a l l y   a s s i g n i n g   a n d   a d j u s t i n g   t h e  
landing   sequence   and   scheduled   ou ter -marker   a r r iva l  times (SMT) and for i s s u i n g  
c o n t r o l  commands i n   a n  attempt t o  match  an a i rc raf t ' s  actual a r r i v a l  time a t  
t h e  outer marker (OM) w i t h  i t s  planned SMT. The   de lay-spac ing   reg ion  is bounded 
by t h e  5-min f l i g h t - p l a n  message and   the   f i rm-sequencing  M & S c o n t r o l   a c t i o n s .  
T h i s   r e g i o n   c o v e r s  a p o r t i o n  of b o t h   t h e   e n   r o u t e   a n d   t e r m i n a l   c o n t r o l   r e g i o n s .  
The 5-min f l i gh t -p l an   message  from t h e   e n   r o u t e   c o n t r o l l e r  t o  t h e  M & S system 
r e p r e s e n t s   a n   u p d a t e  of t h e   e s t i m a t e d  time of a r r iva l  (ETA) a t  t h e  IAF for 
an aircraft. T h i s   u p d a t e   o c c u r s  af ter  a n y   r e q u i r e d   m e t e r i n g   d e l a y   h a s   b e e n  
accanpl i shed .  

Upon r e c e i v i n g  a 5-min message   for  a p a r t i c u l a r  a i rc raf t ,  t h e  M t S system 
a s s i g n s  t o  t h e  a i rc raf t  a n   i n i t i a l   s c h e d u l e d   o u t e r - m a r k e r   a r r i v a l  time (SMT), 
which   a l lows  for a d e q u a t e   s e p a r a t i o n   f r o m   p r e v i o u s l y   s c h e d u l e d  t r a f f i c  and  which 
is based on a p r o j e c t e d   f i r s t - a r r i v a l - a t - t h e - r u n w a y  c r i te r ia .  A s  t h e  a i rc raf t  
proceeds  a long i ts  f l i g h t   p a t h ,  its ETA a t  t h e  OM is p e r i o d i c a l l y   u p d a t e d .  
Based  on  updated ETA'S, t h e  SMT's of a l l  a i r c ra f t  w i t h i n   t h e   d e l a y   s p a c i n g  
r e g i o n  are d y n a m i c a l l y   a d j u s t e d   i n   o r d e r  t o  a c c o u n t   f o r  errors and   main ta in  
s e p a r a t i o n .   T h i s   d y n a m i c  adjustment  c o n s i s t s   o f   s c h e d u l i n g   m o d i f i c a t i o n   a n d  
resequencing.  

A t  p r e d e f i n e d   p o i n t s   o n   t h e   f l i g h t   p a t h   w i t h i n   t h e   d e l a y - s p a c i n g   r e g i o n ,  
attempts are made t o  match  an a i r c r a f t ' s  a r r i v a l  time t o  its planned SMT by 
g e n e r a t i n g   o p t i o n a l  speed con t ro l ,   ho ld ing   de l ay ,   and   backup   vec to r  commands. 
P r i o r  t o  t h e  IAF, i f  a l o n g e r   t e r m i n a l   d e l a y  i s  a n t i c i p a t e d   t h a n   c a n  be accommo- 
da ted   by   speed   con t ro l   a lone ,   t hen  a h o l d i n g   d e l a y  is used a t  t h e  I A F .  Between 
t h e  IAF and   t he   f i rm-sequenc ing   po in t ,   de l ay  i s  accomplished  through speed con- 
t r o l  w i t h   v e c t o r i n g  as a backup i f   l o n g e r   d e l a y  is r e q u i r e d .   S p e e d   c o n t r o l  i s  
accomplished by i n d i c a t e d - a i r s p e e d  commands w i t h i n  a performance  range for a 
p a r t i c u l a r   a i r c r a f t   t y p e   a n d  are c a l c u l a t e d   f o r   t h e  estimated wind  and  the known 
rema in ing   d i s t ance   a long   t he   approach   pa th .  

Nearer   the  runway,  precise f i n a l   s p a c i n g  is used to  correct f o r  errors i n  
a i r c r a f t   p e r f o r m a n c e   d u r i n g   d e l a y - s p a c i n g   m a n e u v e r s   i n   t r y i n g  t o  meet SMr,'s. 
The   f i rm-sequenc ing   con t ro l   ac t ion   e s t ab l i shes  a landing   sequence   which   cannot  
b e   m o d i f i e d   f o r   a i r c r a f t   w i t h i n   t h e  precise f i n a l - s p a c i n g   r e g i o n .  The SbfP's 
w i t h i n   t h i s   r e g i o n   c a n   o n l y   b e   m o d i f i e d   b y   s c h e d u l e   s l i p p a g e ,   w h i c h   a d j u s t s   t h e  
spacing  between a i r c ra f t  by i n c r e a s i n g   t h e i r   s e p a r a t i o n  or c l o s i n g   u n n e c e s s a r y  
gaps.   There are a l s o   n o r m a l l y  two dynamic  path-adjustment commands g i v e n   i n  
t h i s   r e g i o n   i n   o r d e r   f o r   a n   a i r c r a f t  t o  achieve  its SMT. These   ad jus tmen t s  are 
accanp l i shed   u s ing  a d i r e c t - c o u r s e - e r r o r  (DICE) t echn ique   wh ich   de t e rmines   t he  
error a t  t h e  OM which w i l l  occur  i f  a n   a i r c r a f t   i m m e d i a t e l y   i n i t i a t e s  a t u r n  
t o  a p rede te rmined   po in t   on   t he   pa th .  

3.2 En Route  Funct ions 

3.2.1 G e n e r a l   d e s c r i p t i o n . -  En r o u t e   c o n t r o l  is r e s p o n s i b l e  for f e e d i n g  
a i r c r a f t  t o  t h e   I A F ' s   w i t h i n   t h e   t e r m i n a l  area. The M & S s y s t e m   a f f e c t s   t h i s  
cont ro l ,   however ,   by   moni tor ing   the   f low r a t e  of a i r c r a f t   i n t o   t h e   t e r m i n a l  area 
a n d   l i m i t i n g   t h i s  flow, when n e c e s s a r y ,  by g i v i n g  t o  t h e   e n   r o u t e   c o n t r o l l e r s  
t a r g e t  times for t h e   a i r c r a f t  to  a r r i v e  a t  t h e   I A F ' s .   T h e   e n   r o u t e   c o n t r o l l e r  
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is responsible  for  maintaining  separation between a i r c r a f t  headed toward t h e  
same  IAF, ident i fy ing   a i rc raf t   to  t h e  M & S system, and determining  the  delay 
maneuvers required t o  achieve any target times  requested by the M & S system. 

The TAATM simulation of the M & S system includes a s t a t i s t i c a l  modeling 
of the en route  control  region from the time an a i r c r a f t  is identified  to  the 
M & S system u n t i l  terminal  area  perimeter  entry  time. For each of the  four 
IAF's modeled for  the Denver terminal  area, an a r r iva l  queue  of a i r c ra f t  is 
maintained. Each queue is divided  into two lists of a i r c ra f t ,  ( 1 )  a i rc raf t   for  
which 20-min flight-plan messages are pending and which have not  yet been 
entered  into t h e  M & S control environment, and ( 2 )  a i r c ra f t  wh ich  have  been 
identified  to  the M & S system but for which the 5-min flight-plan message has 
not been delivered. Each l ist  contains  aircraft  identification  information, 
predicted  control-function  times  at which an  en route  control  action  should be 
performed for each a i r c ra f t ,  and information  concerning  the  control  function 
desired  for each a i r c ra f t .  The control  logic w i t h i n  TAATM is responsible  for 
monitoring  the  queues,  executing  the  desired  function  for an a i r c ra f t   a t   t he  
time specified w i t h i n  i ts queue, and placing  a i rcraf t  i n  the  appropriate queue 
l ist .  Each queue represents a s e t  of a i rc raf t   for  which a single en route con- 
troller  maintains  responsibility. 

The t r a f f i c  sample presented to   the  TAATM represents a desired  set  of a i r -  
c r a f t   t o   f l y  i n  the  terminal  area. The information  associated w i t h  each a i r -  
c r a f t  i n  the sample includes i ts  init ial   conditions  ( i .e. ,   posit ion,  speed, and 
a l t i t ude ) ,  its performance type,  desired  route, and  an offer time. For t h i s  
study,  the  traffic sample was generated  using a s t a t i s t i c a l  model of a r r iva l  
t r a f f i c  i n  the Denver area. when the  offer  time  for a given a i r c ra f t  is reached, 
the model places  the  aircraft i n  the  appropriate queue,  dependent on the IAF 
toward which it  w i l l  be f l y i n g .  The control-function  time  associated w i t h  the 
a i r c ra f t  i n  the queue is its offer time. The l is t  w i t h i n  the queue, into which 
the  a i rcraf t  is placed,  contains  aircraft  waiting  for a 20-min flight-plan- 
message control  action.  Aircraft  for which a 20-min flight-plan-message  control 
action has been successfully completed are moved w i t h i n  the i r  queue into  the 
list of aircraft   waiting  for a 5-min flight-plan-message  control  action. The 
control-function  times  associated w i t h  a i r c r a f t  i n  t h i s  l i s t  are  the  predicted 
5-min flight-plan-message times calculated  for  the  particular  aircraft w i t h i n  
the 20-min flight-plan  control-action  logic.  Details of  how these  times  are 
calculated  are found i n  the  following  sections. 

The control  logic which monitors  the queues places  highest  priority on per- 
forming control  actions  for  aircraft needing a 5-min flight-plan message. The 
assumption is made that  the en route  controller,  responsible  for  all of the air -  
c ra f t  headed toward a particular IAF, would place  highest  priority on identify- 
i n g  t o  the M & S system those a i rc raf t   c loses t  to  the IAF. When the  control- 
function time for a par t icular   a i rcraf t  is equal  to  or  less  than  the  model's 
current  clock  time,  the a i r c ra f t  i s  flagged  for  the needed control  action. If 
more than one a i r c ra f t  w i t h i n  a queue needs a control  action performed on a par- 
ticular  simulated 4-sec radar  scan,  only  the a i r c r a f t  w i t h  the  highest  priority 
and also  the  earliest  desired  control-function time receives  the  control  during 
that scan.  Necessary  control  for  other  aircraft m u s t  therefore be delayed  for 
a t   l e a s t  one scan depending on the number  of a i r c ra f t  needing a control  action 
performed during  the  given  scan. 

1 2  



3.2.2 Twenty-minute flight-plan message.- The 20-min flight-plan message 
is defined  as  the message which ident i f ies  an a i r c ra f t   t o   t he  M & S system when 
t h e  a i r c r a f t  i s  predicted  to  arrive  at  its I A F  i n  20 min. T h i s  message is 
delivered by an en route   control ler   to  t h e  M & S system w i t h  t h e  assumption tha t  
the  controller has provided  €or  adequate  separation between t h i s  a i r c r a f t  and 
the  a i rcraf t  ahead flying  to  the same IAF. Since  the  offer times w i t h i n  t h e  
t r a f f i c  sample are   s ta t is t ical ly   generated and  do not autanatically  insure t h i s  
separation,  the  determination of the 20-min flight-plan-message time for a given 
aircraft  requires  simulated en  route   control   logic   to  provide t h i s  separation. 

The a i r c ra f t  having the   ear l ies t  20-min control-function time is considered 
by the  control  logic  for a 20-min flight-plan message i f  there is no other  air- 
c r a f t  i n  the same queue being  considered  for  or  receiving a 5-min flight-plan 
message. For an a i r c r a f t  being  considered  for  the 20-min message, the e n  route 
control  logic  determines  if  adequate  separation  at  the  particular IAF would 
ex i s t  between t h i s  a i r c r a f t  and the  previous a i r c r a f t  accepted on the same route. 
I f   the   a i rcraf t  cannot  proceed and arrive a t  the   f ix   confl ic t   f ree ,  t h e n  the 
associated  control-function  time is rejected  as a 20-min flight-plan-message 
time. Under t h i s  condition,  the  aircraft  is l e f t  i n  i ts queue w i t h i n  the list 
of a i r c ra f t  wai t ing  for 20-min messages. The control-function  times of a l l  
a i r c ra f t  w i t h i n  t h i s  particular l ist ,  however, are  then incremented by 4 sec 
(equivalent  to one scan) and no further  control is performed during t h i s  scan 
on any of the   a i rc raf t  i n  t h i s  queue. I f  adequate  separation  exists between 
the  a i rcraf t   pair ,  the control-function  time  associated w i t h  the a i r c r a f t  i s  
accepted  as  the 20-min flight-plan-message time T20.  The M & S system then 
proceeds to  determine  the impact of the  terminal t r a f f i c  flow on t h i s  a i r c ra f t .  

The M & S system is responsible  for  calculating an estimated time of 
arr ival  (ETA) a t  the  outer marker (OM) and for  determining a metering  scheduled 
marker time ( S M T ) .  For the purpose of metering  the  arrival of a i r c ra f t   i n to  
the  terminal  area,  the MSKT assigned t o  an a i r c r a f t  i s  computed based on the 
MSMT assigned to  the  last   aircraft   accepted  into  the M & S system p l u s  separa- 
tion  time. T h i s  MSMT is used only to  obtain a gross  initial  estimate of the 
flow of t r a f f i c  and is not used by the system except  during  the 20-min f l i g h t -  
plan control  action. N o  provision is made for a metering  schedule  or  sequence 
update of the  previous a i rc raf t   as  it proceeds into  the  terminal  area. 

The following  equation is  used to  calculate  the MSMT for  the n t h  a i r c r a f t  
accepted  into  the system: 

The value tseP is the  required time separation  at t h e  OM between a i r c ra f t  n 
and n-1 and 1s dependent on the performance and weight classes of the two air-  
c r a f t .  The value tmm provides  additional  separation  at t h e  OM, i f  necessary, 
i n  order to  ampensate !or the loss of separation due t o  speed differences  along 
the common path on f ina l  approach. The 1 5-sec buffer is added to  the  required 
separation  to compensate for  the  delivery  errors of the system at  the OM. For 
a normal error  distribution and a separation  violation  rate of 5 percent,  the 
value used  would be 1.65 times  the  actual  delivery  interarrival-error  standard 

13 



II I 1 1 1 1  1ll111l11l l l l l11l11l l 1 l l l 1 1  I1 IIIII 

deviation. However, the  interarr ival   error  is the  very  quantity which t h i s  
study is measuring. Since  the measure is not  throughput  rate, assuming some 
approximate  value for  the experiment yields a reasonable  flow performance. The 
discussion i n  a la ter   sect ion on fast-time performance c r i te r ia   ind ica tes   tha t  
interarrival-error  standard  deviation is independent of the  time  interval 
between scheduled a r r iva l  times.  Since  the  buffer  value  only  affects  the sched- 
duled  separation times, the  interarrival-error  standard  deviation is independent 
of t h e  buffer  value assumed. The 1 5  sec used implies an  assumed interarr ival-  
error  standard  deviation of 9.1 sec, which t h e  data show is reasonable. 

Metering the flow of a i r c ra f t   i n to  t h e  terminal  area is acccnnplished by 
calculating  the  required  time  delay t R A  i n  order  €or an a i r c ra f t  t o  a t t a in  
its MSMT and assigning an en route  delay tEA equal t o  t M  i f  t M  exceeds 
an input  threshold EA: 

or 

where 

t M  = M3MTn - ETA, 

If the  value tEA is greater  than  zero,  the M h S system is  responsible  for 
requesting  the  appropriate en route  controller  to  delay  the  aircraft  by tha t  
amount. The M h S system does not, however, suggest a maneuver t o  achieve t h i s  
delay. 

Completion of the 20-min flight-plan  control  action  includes moving the 
a i r c ra f t  w i t h i n  i ts queue to   the  list of aircraft  waiting  for  the 5-min f l ight-  
plan message. The  new control-function time associated w i t h  the   a i rc raf t  i s  
the time to  deliver  the 5-min message. The equation  for computing t h i s  time 
is  described i n  the  next  section. 

3.2.3 Five-minute flight-plan message.- The  5-min flight-plan message is 
defined  as  the message  which ident i f ies  an a i rc raf t   to   the  M h S system when 
the  a i rcraf t  is predicted  to  arrive  at  i t s  IAF i n  5 min. The time T5 to  
deliver t h i s  message is  computed w i t h i n  the 20-min flight-plan  logic and is 
stored  as  the  control-function time i n  the  appropriate queue. T h i s  time 
re f lec ts  any assigned en route  delay, any er rors  which account for  delivery 
accuracy between T20 and  T5,  and any necessary  additional time to  insure 
separation between a i rc raf t   pa i r s   a t   the  f i x .  The following  equations  are 
used to   calculate  T5: 
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T5 = T 

or 

T5 = T5sep + tsepA 

where 

where  t20A is a d e l i v e r y  error between T20 and T5, T5sep is t h e   p r e d i c t e d  

time a t  t h e  IAF f o r   t h e   p r e c e d i n g   a i r c r a f t   o n   t h e  same route p l u s   s e p a r a t i o n  
time a t  t h e   f i x ,  tsepA is a s e p a r a t i o n  error a t  t h e   f i x ,   a n d  900 i n d i c a t e s  
a time value   (15   min) .  The u n i t s   i n  a l l  o f   t h e   p r e c e d i n g   e q u a t i o n s  are seconds.  
The va lues   o f   t20A  and  tsepA are random numbers  based  on a n o r m a l   d i s t r i b u -  

t i o n .  The mean a n d   s t a n d a r d   d e v i a t i o n  for t20A are,  r e s p e c t i v e l y ,  0 and 
30 sec. The mean and s t a n d a r d   d e v i a t i o n  for tsepA a r e ,   r e s p e c t i v e l y ,  0 and 
2.5 sec. 

Simula t ion  of t h e   e n   r o u t e   c o n t r o l   r e g i o n   b e t w e e n   t h e   i n i t i a l  20-min 
f l igh t -p lan   message   and  t h e  c a l c u l a t e d  5-min f l i gh t -p l an   message  time is 
restricted to m a i n t a i n i n g  the  a i r c r a f t   i n  its p a r t i c u l a r   e n  route q u e u e .  The 
T5 c o n t r o l - f u n c t i o n  times are main ta ined   in   en   rou te   queues   depending   on   the  
1AF"s toward which t h e  a i r c r a f t  are f l y i n g ,  and are ordered  on i n c r e a s i n g  time 
w i t h i n   t h e   a p p r o p r i a t e  list i n   t h e   p a r t i c u l a r   q u e u e .  N o  f l i g h t   d y n a m i c s  are 
s imula t ed   fo r  an a i r c r a f t  i n   t h e   s y s t e m   u n t i l   t h e   t e r m i n a l  area perimeter e n t r y  
time for t h e  a i r c ra f t  has   been  reached.  T h i s  time is c a l c u l a t e d   d u r i n g  t h e  
5-min f l i g h t - p l a n   m e s s a g e   c o n t r o l   a c t i o n   a s s o c i a t e d   w i t h  T5. 

When t h e  time for a n   a i r c r a f t  to  r e c e i v e  a 5-min f l i gh t -p l an   message   has  
been  reached, t he  mode l   l og ic  f i r s t  determines  whether  or n o t   t h e r e  is room i n  
t h e   h o l d i n g  stack for t h e  a i r c ra f t  i f  it was to  proceed t o  its IAF. I f   t h e  
stack is f u l l ,   t h e  a i r c r a f t  is l e f t   i n  its en   rou te   queue  list and a l l  queue 
times w i t h i n   t h e  list are incremented  by 4 sec, t h e   e q u i v a l e n t  of a radar sweep 
( s c a n )  time. T h i s  logic s i m u l a t e s   t h e   r e s p o n s i b i l i t y  of a n   e n   r o u t e   c o n t r o l l e r  
f o r   m a i n t a i n i n g  a r easonab le   f l ow of a i r c r a f t  to  t h e  IAF. If there is a n   a v a i l -  
able a l t i t u d e   i n   t h e   h o l d i n g  s tack  a t  t h e   f i x ,   t h e   c o n t r o l - f u n c t i o n  time asso- 
ciated w i t h   t h e   a i r c r a f t   i n  its queue is accepted  as  T5 a n d   t h e   c o n t r o l   l o g i c  
for a 5-min f l i gh t -p l an   message  is executed .  

The 5-min f l i g h t - p l a n   l o g i c   i n   t h e  M & S s i m u l a t i o n  is r e s p o n s i b l e   f o r  
updat ing   the   sequence  of a i rc raf t  p r e s e n t l y   i n   t h e   s y s t e m   a n d   p e r f o r m i n g   a n  
i n i t i a l   s c h e d u l i n g  of t h e  new a i rc raf t  be ing  accepted i n t o   t h e   t e r m i n a l  area 
by t h e  M & S system. The sequenc ing   and   s chedu l ing   a lgo r i thms   u sed  are t h e  
same as t h o s e   d e s c r i b e d   i n   s e c t i o n   3 . 3 . 2   f o r   t h e   t e r m i n a l  model. The o n l y  
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d e l a y   o p t i o n  made available to t h e   c o n t r o l  logic a t  t h i s  time, however, is a 
hold a t  t h e   i n i t i a l   f i x .  

T r a n s i t i o n  of a n  a i rc raf t  from its e n   r o u t e   q u e u e  to a n  active a i r c r a f t  
i n   t h e   t e r m i n a l  area is accomplished by c a l c u l a t i n g  a p e r i m e t e r - e n t r y  time 

time Tp, t h e   a i r c r a f t  is l o c a t e d  a t  its i n i t i a l   t e r m i n a l - e n t r y   p i n t   p r o v i d e d  
by t h e   t r a f f i c  sample, and f l i g h t   d y n a m i c s  are i n i t i a t e d   w h i c h   u p d a t e   t h e  psi-  
t i o n   o f   t h e  a i rc raf t  a t  4-sec i n t e r v a l s ,   s i m u l a t i n g   t h e   r a d a r   s c a n  time. The 
e l a p s e d  time r e q u i r e d  to f l y  f rom  the  perimeter to  t h e   f i x  A t p f  is c a l c u l a t e d  
based on f l i g h t - p a t h   d a t a   i n p u t  to the  model.  Time Tp is t h e n   c a l c u l a t e d  by 
u s i n g   t h e   e q u a t i o n  

Tp  which  corresponds to a r a d a r - a c q u i s i t i o n  time for t h e   t e r m i n a l  area. A t  

(300 - A t p f )  
Tp = T5 + 

300 
(300 + t5A) 

where tsA is a d e l i v e r y  error between T5 a n d   t h e   f i x   a n d  300 is a time 
v a l u e   e q u a l  to 5 min. The v a l u e  tsA is a n o r m a l l y   d i s t r i b u t e d  random  number 
w i t h  a mean o f  0 and a s t a n d a r d   d e v i a t i o n   o f   1 5  sec. The e l a p s e d  time to 
f l y  between  the perimeter a n d   t h e   f i x  is c a l c u l a t e d  by t h e  ETA computat ion 
r o u t i n e   i n  TAATM d e s c r i b e d   i n   r e f e r e n c e  7. 

3 .3   Terminal   Funct ions 

3.3.1 G e n e r a l   d e s c r i p t i o n . -  The TAATM p r o v i d e s  a real is t ic  t e r m i n a l  area 
environment   in   which to test t h e  M & S c o n c e p t .   I n   o r d e r  to i n c o r p o r a t e   t h e  
M & S c o n c e p t ,   m o d i f i c a t i o n s  were made to  t h e  TAATM c o n t r o l   l o g i c   a n d  real- 
time s i m u l a t e d   r a d a r   d i s p l a y .  The RNAV and MLS n a v i g a t i o n a l   m o d e l s  were also 
added. The log ic ,   which  was r e t a i n e d   b a s i c a l l y   i n t a c t   f r o m   t h e   o r i g i n a l   v e r -  
s i o n   o f  TAATM, i n c l u d e s   t h e   f o l l o w i n g :  The f l i g h t   d y n a m i c s   o f   t h e  a i r c ra f t  
whose p o s i t i o n s  are updated   every  4 sec, t h e   l o g i c   f o r   a s s i g n i n g   f l i g h t - p a t h  
d e s c r i p t i o n s  to a n   a i r c r a f t ,   t h e   h o l d i n g - s t a c k   m a i n t e n a n c e   l o g i c ,   t h e  communi- 
c a t i o n   l o g i c ,   t h e  logic fo r   de t e rmin ing  when a c o n t r o l   a c t i o n   s h o u l d   b e  per- 
formed  for  an a i r c ra f t ,  and t h e  wind-mode l   a lgo r i thms .   De ta i l ed   desc r ip t ions  
o f   t hese   l og ic   componen t s   can   be   found   i n   r e f e rences  7 and 8. 

The M & S c o n c e p t   i n c o r p o r a t e d   i n  TAATM is a m o d i f i c a t i o n  of the   sys t em 
i n   r e f e r e n c e  4 .  Where p o s s i b l e ,   t h e   l o g i c   d e s c r i b e d   i n   r e f e r e n c e  4 was adapted  
d i r e c t l y .   I n i t i a l  tes t  runs ,   however ,   i nd ica t ed   t ha t   t hese   p rocedures   r equ i r ed  
m o d i f i c a t i o n s  to handle   p roblems  genera ted  by r ea l i s t i c  t r a f f i c  samples, h o l d i n g  
procedures ,   f l igh t   dynamics ,   and  errors which   the  TAATM model  provides.  The 
con t ro l   ph i lo sophy   imp lemen ted   i n  TAATM f o l l o w s   t h e   b a s i c   p l a n   i n   r e f e r e n c e  4 
o f   e x a m i n i n g   a i r c r a f t  a t  d i s c r e t e   p o i n t s   w i t h i n   t h e   t e r m i n a l  area i n   o r d e r  to  
perform  dynamic  sequence  and  schedule   updates   and  in   order  to determine  whether  
a delay  maneuver  should  be  executed by a n   a i r c r a f t .   E x p a n s i o n   o f   t h e   s e q u e n c i n g  
concept,   however,  was n e c e s s a r y   i n   o r d e r  to  a v o i d   g i v i n g  some a i r c r a f t   u n r e a l i s -  
t i c  p r i o r i t y   o v e r   h o l d i n g  a i r c ra f t .  T h i s   m o d i f i c a t i o n  w i l l  b e   d e s c r i b e d   i n  
d e t a i l  l a t e r .  The d e t e r m i n a t i o n  was also made t h a t   p r e c a l c u l a t e d   e s t i m a t e d  times 
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of a r r i v a l ,  prestored d e l a y  times associated wi th   g iven   de l ay   maneuver s ,   and  
f i x e d  time s e p a r a t i o n s  a t  t h e  OM c a n n o t   a d e q u a t e l y   h a n d l e   a r b i t r a r y  wind condi- 
t i o n s   a n d   v a r i a b i l i t y  of a r r iva l  times because of the   pe r fo rmance   d i f f e rences  
of the classes of commercial a i r c r a f t   c o n s i d e r e d   i n   o u r  model. 

The M & S s y s t e m   e s t a b l i s h e s  a t  f i x e d   p o i n t s ,  or a t  f i x e d  times r e l a t i v e  
to  f ixed   po in ts ,   p rocedures   which   mus t  be e x e c u t e d  for a g iven  a i rc raf t  as it 
proceeds  to the  runway. The basic phi losophy assumes a s i n g l e   f i x e d   p o i n t  a t  
t h e  OM w h e r e   t h e  M & S sys t em  mus t   ma in ta in   s epa ra t ion   be tween  a i rc raf t .  All 
c o n t r o l   p r o c e d u r e s  prior to t h e  OM must assist i n   m a i n t a i n i n g   t h i s   s e p a r a t i o n .  
The c o n t r o l   p r o c e d u r e s   s p e c i f i e d   i n c l u d e   u p d a t e s  of t h e   l a n d i n g   s e q u e n c e   a n d  
schedu led   ou te r -marke r   a r r iva l  times (SMT's) as well as dynamic  adjustment of 
t h e   s p e e d   a n d ,   i f   a b s o l u t e l y   n e c e s s a r y ,   t h e   p a t h   o f   t h e   a i r c r a f t .   F i g u r e  7 
r e p r e s e n t s   t h e  LCN-NT approach to  runway 26 a t  Denver  and  shows  the types and 
relative p o s i t i o n s  of t h e   c o n t r o l   p o i n t s   w h i c h  were i m p l e m e n t e d   f o r   t h i s  route. 
The p e r i m e t e r - e n t r y   l i n e   r e p r e s e n t s   t h e   p o s i t i o n  a t  w h i c h   t h e   a i r c r a f t  f i r s t  
a p p e a r s  t o  t h e   t r a c k i n g   m o d e l   f o l l o w i n g  a "hand-of f"   f ran   en  route t o  t e r m i n a l  
c o n t r o l  a t  time Tp. The p o s i t i o n   o f   t h e  a i r c ra f t  i s  then   updated   every  4 sec 
( s i m u l a t i n g  a r a d a r   s c a n  ra te )  as i t  moves a l o n g   t h i s   p a t h .   C o n t r o l   a c t i o n s  
a re  t r i g g e r e d   a s  it proceeds to  t h e  runway.  The t e r m i n a l   c o n t r o l   e l e m e n t s   i n  
f i g u r e  7 are d i s c u s s e d   i n   t h e   f o l l o w i n g   s e c t i o n s .  

3 . 3 . 2  Sequencing  and  schedu1inq.-  The sequenc ing   and   s chedu l ing   a lgo r i thms  
o f   t h e  M & S s y s t e m   i n c o r p o r a t e d   i n  TAATM a l low  fo r   t he   dynamic   ad jus tmen t   o f  
t h e   l a n d i n g  order and   l and ing  times of t h e   a i r c r a f t   i n   t h e   t e r m i n a l  area as t h e y  
proceed t o w a r d   t h e  OM. These   ad jus tmen t s  are n e c e s s a r y  when n a v i g a t i o n ,  per- 
formance,   survei l lance,   and  wind errors c a u s e   t h e   o r i g i n a l   a s s i g n e d  SMT's to 
f a l l   o u t s i d e   t h e   c a p a b i l i t i e s  of an a i r c ra f t  on a g iven   rou te .   The   s chedu le  
and   sequence   ad jus tment   a lgor i thms  inc lude   the   nominal   schedule   and   sequence  
update   a lgor i thm,  a resequencing   a lgor i thm,   and  a s c h e d u l e   s l i p p a g e   a l g o r i t h m .  
An update  of the   l anding   sequence   and  SMT ass ignments   occurs  for a l l  a i r c r a f t  
i n   t he   sys t em  wh ich   have   no t   been   f i rmly   s equenced  when any  one of t h e s e  air-  
c r a f t   p a s s e s  a c o n t r o l   a c t i o n   p o i n t   t h a t   r e q u i r e s   r e s c h e d u l i n g .   T h e s e   c o n t r o l  
a c t i o n   p o i n t s   i n c l u d e   t h e  5-min f l i g h t - p l a n   m e s s a g e ,   r a d a r   a c q u i s i t i o n  (perim- 
eter e n t r y ) ,   e x i t   d e t e r m i n a t i o n   f o r  a hold, and f i rm sequencing.  (See f i g .  7, 
e lements  2, 3, 5, and 7, r e spec t ive ly . )   Resequenc ing  of a i r c r a f t   o c c u r s  when 
the  normal  sequence  cannot be main ta ined   because   adequate   separa t ion  does n o t  
e x i s t  between a pair o f   a i r c r a f t .   R e s e q u e n c i n g  a l ters  the   normal   sequence   and  
permits an a i r c ra f t  which  has   reached  the limits of its d e l a y   c a p a b i l i t y  t o  
r e c e i v e  a h ighe r   l and ing   p r io r i ty .   The   sys t em  does   no t  permit a c h a n g e   i n   t h e  
l a n d i n g  order of a i r c ra f t  which  have  been  f i rmly  sequenced,   but  does permit 
t h e s e  a i rc raf t  t o  i n i t i a t e  a f i n e   t u n i n g   o f   t h e i r  SKT's i n   t h e  form of forward  
or backward  s l ippage.  

3.3.2.1 Schedu led   ou te r -marke r   a r r iva l  time (SMT) canpu ta t ion :   Fo r   each  
a i r c ra f t  i n   t h e   s y s t e m  from t h e  5-min f l i gh t -p l an -message   acqu i s i t i on   po in t  t o  
t h e  runway, a Set Of parameters is s t o r e d   i n   a n   a r r a y   w h i c h   d e s c r i b e s   t h e  rela- 
t i o n s h i p  of t h a t  a i rc raf t  to t h e  rest o f   t he  a i rcraf t  i n   t h e   s y s t e m ,  its d e l a y  
capabili t ies i n  terms of bounds  on possible times o f   a r r i v a l ,   a n d   a n y   d e l a y  
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which   has   a l ready   been   ass igned  t o  t h e  a i rcraf t .  The array is o rde red   on  
a s s i g n e d  SMT's and a t  a l l  times r e p r e s e n t s   t h e  la tes t  update  of t h e  desired 
landing  sequence  and SMT assignments .  The parameters s t o r e d   i n   t h i s  SMT a r r a y  
which are u s e d   f o r  SMJ? computa t ion   i nc lude   t he   fo l lowing :  

ETAmi nn earliest  e s t i m a t e d  time o f   a r r i v a l  a t  t h e  OM of a i rcraf t  n, 
c o n s i d e r i n g   a n y   d e l a y s   a s s i g n e d  t o  t h e  a i rc raf t  

ETA,,% latest  estimated time o f   a r r i v a l  a t  t h e  OM of a i rc raf t  n, 
c o n s i d e r i n g   t h e  maximum d e l a y   c a p a b i l i t y   w h i c h   t h e   s y s t e m  
d e s i r e s  to use as an SMT bound 

S m n   a s s i g n e d  SMT f o r  a i rc raf t  n 

Delay,   required  delay  needed t o  r e a l i z e   t h e   a s s i g n e d  SKC 
(Delay, = SMTn - ETA,, where ETA, is t h e  ear l ies t  e s t i m a t e d  time 

o f   a r r i v a l  a t  t h e  OM e x c l u d i n g   a n y   h o l d   d e l a y s   a s s i g n e d  t o  t h e  
a i rc raf t ;  i f   h o l d s  are a s s i g n e d  to  a i r c r a f t   n ,  ETA, remains 
s t a t i c  u n t i l   t h e  a i r c r a f t  is  c l e a r e d   o u t  of t h e   h o l d i n g   p a t t e r n )  

I n i t i a l i z a t i o n  of an a i r c r a f t   i n t o   t h e  SMT a r r a y  is accomplished  during 
t h e  5-min f l i gh t -p l an -message   con t ro l   ac t ion .  The a i r c r a f t  is  simply placed 
a t  t h e   e n d  of the   l and ing   s equence   and   a s s igned   an  SMT which   provides  for ade- 
q u a t e   s e p a r a t i o n   w i t h   t h e   a i r c r a f t   a h e a d   i n   t h e   s e q u e n c e .  (The s e p a r a t i o n  cr i -  
t e r i a  are d i s c u s s e d  l a t e r  i n   t h e   s e c t i o n . )  The SMT c o m p u t a t i o n   l o g i c   t h e n  
r e d e t e r m i n e s   t h e   o v e r a l l   d e s i r e d   l a n d i n g   s e q u e n c e   a n d  set of SMT's based   on   the  
d e l a y   c a p a b i l i t i e s   o f   t h e  a i r c ra f t  w i t h i n   t h e   a r r a y ,   i n c l u d i n g   t h e   n e w l y   e n t e r e d  
a i r c r a f t .  

The p r o c e d u r e   f o r   d e t e r m i n i n g   t h e   d e s i r e d   l a n d i n g   s e q u e n c e  is a modif ica-  
t i on   o f   t he  logic d e s c r i b e d   i n   r e f e r e n c e  4. For   the   purpose   o f   sequencing  t h e  
a i r c r a f t ,   t h e   t e r m i n a l  area is d i v i d e d   i n t o  three d i s t i n c t   r e g i o n s   i n s t e a d   o f  
t h e  t w o  r e g i o n s   d e s c r i b e d   i n   t h i s   r e f e r e n c e .   T h e s e   t h r e e   r e g i o n s   c o n s i s t  of 
t h e   f o l l o w i n g :  ( 1 )  A l l  a i r c r a f t  wh ich   have   been   accep ted   i n to   t he   sys t em from 
t h e  5-min f l i gh t -p l an   message  t o  t h e   h o l d i n g   f i x ,   i n c l u d i n g   a l l  a i r c ra f t  which 
h a v e   n o t   y e t   r e c e i v e d   c l e a r a n c e   p a s t   t h e   f i x ;  ( 2 )  a i r c ra f t  which   have   rece ived  
c l e a r a n c e  past the   f i x   bu t   have   no t   been   f i rmly   s equenced ;   and  ( 3 )  a l l  f i r m l y  
s e q u e n c e d   a i r c r a f t .   I n   r e f e r e n c e  4, r e g i o n s  1 and 2 are combined. 

On e n t r y   i n t o   t h e   s e q u e n c i n g  logic a l l  a i r c ra f t  are sorted i n t o   t h e   t h r e e  
r eg ions .   Those   a i r c ra f t   wh ich   have   no t   been   c l ea red  past t h e   f i x   ( r e g i o n  1 )  
are a s s i g n e d  a sequence ordered o n   t h e  l a s t  ETA, which   exc ludes   ass igned   ho ld-  
i n g   d e l a y s .   T h i s   e s t a b l i s h e s  a f i r s t - c a n e - f i r s t - s e r v e   s e q u e n c i n g  order. For 
r e g i o n  2 a i r c ra f t ,  t h e   p r e v i o u s l y   a s s i g n e d   s e q u e n c e  i s  m a i n t a i n e d   u n l e s s   t h e  
con t ro l   ac t ion   be ing   pe r fo rmed  is t h e   f i r m   s e q u e n c i n g   o f   a n   a i r c r a f t .   I f  firm 
sequencing is a n t i c i p a t e d  for an a i r c r a f t ,  ETA,,,inn is used to  r e o r d e r  u p  t o  

t h r e e  a i r c ra f t  i n   r e g i o n  2 b e h i n d   t h a t   a i r c r a f t   a n d  a l l  a i rcraf t  i n   f r o n t  of 
it which   have   no t   been   f i rmly   sequenced .   The   order   o f   those   a i rc raf t   a l ready  
f i rmly  sequenced  remains  unchanged.  
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The establishment of a desired  landing  sequence w i t h i n  regions 1 and 2 
prior  to  determining  the  overall  landing sequence provides some s t a b i l i t y  
between successive  attempts  to  determine t h i s  sequence. If t h e  separate  order- 
ing w i t h i n  regions 1 and 2 is not f i r s t  performed, two problems are  generated: 
(1 ) The holding  stacks  create a discontinuity when attempting to order  the  air- 
c r a f t  on a projected  first-come-first-serve (FCFS) principle.  Aircraft on 
routes where  no holding is being  performed are then  capable of receiving  exces- 
s ive  pr ior i ty  over a i r c r a f t  on other  routes where holding is taking  place, and 
t h i s  can create  excessive  holds  for  the  holding  aircraft. ( 2 )  The a i r c ra f t  not 
yet  to  the f i x  are  ordered on  an FCFS principle based on ETAmin, which 

includes  hold  assignments. Under t h i s  condition, it is possible  for  aircraft 
headed for  the same stack  to have their  landing sequence swapped  back  and forth,  
depending on  when hold  times  are updated and the  delay  times  assigned. 

The development of a desired  overall  landing sequence is accomplished by 
merging the  a i rcraf t  from the  ordered lists of a i r c r a f t  from regions 1 and 2.  
While maintaining  the  order of these two lists, the ETAmin value  for each 
a i r c ra f t  is used to  merge the two lists on  an  FCFS principle.  T h i s  enables  the 
system to  maintain a landing-sequence continuity w i t h i n  the  regions  while  pro- 
viding a means to  handle  the merging of a i r c ra f t  on a short  route w i t h  those 
on a long route and the merging of f a s t e r   a i r c ra f t  w i t h  slower a i r c ra f t  which 
are making a t ransi t ion from region 1 to  2 .  

n 

Once the  desired  landing sequence  has been developed, new SMT's are com- 
puted  for a l l   a i rc raf t   a f te r   the   l as t   f i rmly  sequenced a i r c ra f t  such  that   for 
an a i r c ra f t  i n  order  position n ,  

where 

ETAmaxn 2 SMT, 2 ETAmin n 

and  Sepn/,,1 is the time separation  required between a i r c r a f t  n-1 and n. 
The value Sepn/,-1 is computed by 

where tsep is the minimum required time separation a t  the OM between a i r -  
c r a f t  n and n-1 , tcomp is a separation a t  the OM to  compensate for speed 
differences along  the common path on f ina l  approach, and the  additional 15-sec 
buffer is a separation  to compensate for  delivery  errors of the system a t  the 
OM. These separation  factors  are  identical  to  those used i n  en route  metering 
as  described i n  section 3.2.2. If an SMT cannot be assigned so that  it does 
not  violate  the  preceding  criteria,  then  the  desired  landing  order mus t  be 
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modified  in  an  attempt  to  develop  a  sequence  and  schedule  which can be  realized 
by all  aircraft  in  the  terminal  area. This  modification  is  referred  to as 
resequencing . 

3.3.2.2 Resequencing: Due to  the  limitations on the  delay  capability of 
some  aircraft  and  dependent on the  traffic  interactions,  the  desired  sequence 
of aircraft  may  not  be  realizable. If SMT's cannot be  assigned  under  the cri- 
teria in  section 3.3.2.1  for regions 1 and  2,  resequencing  is  attempted. As 
SMT's  are  being  assigned  beginning  with  the  aircraft  behind  the  last  firmly 
sequenced  aircraft,  the  first  aircraft  encountered  which cannot be assigned  an 
SMT within  its  ETA  bounds  is  swapped  in  sequence  with  the  aircraft  ahead  of 
it. In  other  words,  if  aircraft  n  cannot  fit  behind  aircraft  n-1,  then 
the SMT for  aircraft n-1 is  ignored  and  an attempt  is  made  to  fit  aircraft 
n behind  aircraft  n-2.  If this  second  attempt is 
n  continues to  move  ahead  in  sequence  until  it can 
an SMT. Once a  successful  assignment  is  made,  then 
passed  in  sequence  by aircraft  n  becomes  the  next 
assignment  is  attempted.  Priority  is  thus  given  to 
capability. 

unsuccessful,  then  aircraft 
be successfully  assigned 
the last  aircraft  which  was 
aircraft for  which  an SMT 
aircraft  with  limited  delay 

Under certain  ETA  boundary  constraints,  a  resequencing  attempt  may  still 
result  in a failure  to  assign  realizable  SMT's to all  aircraft  under  con- 
sideration. A failure  mode  is  assumed  during  the  resequencing  process  if  more 
than  six  unsuccessful  swaps  are  attempted  or  if no SMT can be successfully 
assigned  to a  given  aircraft.  Under  either  of  these  conditions,  the  updating 
of  schedules is  discontinued  and  the  previously  assigned SMT's are  retained. 
Because  at  least  one of these  SMT's  is  unrealizable,  the  potential  for a 
separation  violation can then  exist.  Following  each  control  action,  however, 
a check  is  made  to  determine  the  magnitude  in  time of any  potential  interarrival 
separation  violation.  This  time  error  is  displayed on the  simulated  radar 
display  and  the  assumption is made  that  the  problem  will  be  resolved  either  by 
human  intervention or by a later  control  action. 

3.3.2.3 Schedule  slippage:  For  those  aircraft  which  have  been  firmly 
sequenced,  schedule  slippage  is  initiated  in  order  to  fine  tune  the  SMT's  to 
account  for  minor  errors  as  the  aircraft  are  making  their  last  turns  to  final 
approach  and  to  close  unnecessary gaps between  aircraft.  Schedule  slippage  is 
initiated  prior  to  each  direct-course-error  (DICE)  calculation  performed €or 
an  aircraft.  During  schedule  slippage  no  change  in  the  landing  sequence  occurs 
and only  those  aircraft  behind  the  aircraft  initiating  slippage  are  also  con- 
sidered  for  slippage. 

Initially a desired SMT (DSMT)  is  calculated  for  the  aircraft  in  sequence 
position n: 

DSMT, = max ( SMTn-l + Sepn/,-1 , ETAmin,) 

where SMTn-l is  the SMT assigned  to  the  aircraft  ahead, Sepn/,-1 is  the  time 
separation  required  between  aircraft  n  and  n-1,  and  ETAminn  is  the  earliest 
time of arrival  for  aircraft n. If 
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DSMT, = SMT, 

where SMT, is the  previously  assigned SMT for   a i rc raf t  n, then no slippage 
occurs. If 

DSMT, > SMT, 

then backward slippage is required. Given that  ET%,,, is the  latest   possible 
a r r iva l  time stored  for  aircraft  n,  i f  

DSMT, 5 ETAmax, 

then  the SMT can be  and is slipped back to  DSMT,. I f  

DSMT, > ETAmaxn 

then  the SMT is slipped back to  DSMT,, even though it is not attainable.  

Beginning w i t h  t he   f i r s t   a i r c ra f t  under consideration  for  schedule  slippage, 
each a i r c r a f t  i n  turn behind t h i s  a i r c ra f t  is tested  to  see  if  backward slippage 
is required. Backward slippage  ceases when, for   a i rc raf t  n ,  t h e  DSMT, is 
less  than or  equal to the  previously  assigned SMT,. If  

DSMT, < SMT, 

then  forward slippage is possible. If 

DSMT, > ETA,,,, 

then the a i r c ra f t  cannot a t ta in  the DSMT,, b u t  the SMT is s t i l l  slipped forward 
to  DSMT, . I f  

DSMT, 5 ETAmaxn 

then a new SMT (SMT,,,) is assigned  to  aircraft n: 

SMTnew = min(DSMT, + Slack, ETA,,, SMT,) n' 
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The  min f u n c t i o n  is used to prevent   backward   s l ippage  if adding slack time 
t0 DSMT, results i n  a g r e a t e r  time t h a n   e i t h e r  ETAmaxn or SMT,. The term 

S l a c k  is a buffer   (normal ly  1 0  sec) used   du r ing   t he   d i r ec t - cour se -e r ro r  (DICE) 
c a l c u l a t i o n s  on the backup-delay  vector   paths   and  on  the downwind l e g  to p reven t  
s l i p p i n g   a n  a i rc raf t  schedule   forward   and   then   having  t o  s l i p  it backward.  This 
s lack  is removed d u r i n g   t h e   f i n a l  D I C E  turn   on   base .   Each   f i rmly   sequenced  air- 
c r a f t   b e h i n d   t h e   a i r c r a f t   u n d e r   c o n s i d e r a t i o n  is t e s t e d   i n   t u r n  t o  see i f   f o r w a r d  
s l i p p a g e  is p o s s i b l e  for t h e  aircraft. If an aircraft  is encountered  which is 
n o t   i n  a DI(3E r eg ion  or fo r   wh ich   fo rward   s l i ppage  is i m p o s s i b l e ,   t h e   t e s t i n g  
of a i r c r a f t   f o r   f o r w a r d   s l i p p a g e  ceases. I f   f o r w a r d   s l i p p a g e  is p o s s i b l e   f o r  
an a i r c r a f t   b e h i n d   t h e   i n i t i a l l y   c o n s i d e r e d   a i r c r a f t ,  a D I C E  c a l c u l a t i o n  is 
t r i g g e r e d  for t h a t   a i r c r a f t   o n   t h e   n e x t  4-sec radar -scan   update .  

3 . 3 . 3  Schedule   main tenance . -   Rea l iza t ion   of  a des i r ed   s equence   and  
scheduled  OM time is accomplished by de te rmin ing   necessa ry   mod i f i ca t ions  t o  t h e  
f l i g h t   p r o f i l e s   o f   t h e   a i r c r a f t .  Two types of   schedule-maintenance  logic  a re  
a v a i l a b l e   w i t h i n  TAATM. Coarse schedule   main tenance  is performed by a s s i g n i n g  
speed   changes ,   ho ld ing   pa t t e rns ,  or backup-delay  paths  to t h e   a i r c r a f t  to 
ach ieve  a d e s i r e d  SMT. Fine- tuning   schedule   main tenance  is performed w i t h  cal- 
c u l a t e d  D I C E  maneuvers. 

The need   for   coarse   schedule   main tenance  is determined a t  p r e s p e c i f i e d  
g e o m e t r i c   p o i n t s   a l o n g   t h e   f l i g h t   p a t h  or a t  calculated times d u r i n g   t h e   f l i g h t  
f o r  a p a r t i c u l a r   a i r c r a f t .   C o n t r o l   a c t i o n s  are performed  which calculate esti- 
mated times of a r r i v a l   a t   t h e  OM and compare them to t h e  a i r c r a f t ' s  scheduled 
time of a r r i v a l .   I n   a d d i t i o n ,   f u t u r e   d e l a y   c a p a b i l i t y  for t h e  a i r c ra f t  is 
c a l c u l a t e d  and 70 p e r c e n t   o f   t h i s   c a p a b i l i t y  i s  compared  with  the  delay  needed 
by t h e   a i r c r a f t   i n  order for it to  a c h i e v e   t h e   s c h e d u l e d  time of a r r i v a l .  N o  
a c t i o n  is taken  t o  modify t h e  c u r r e n t   f l i g h t - p a t h   s e g m e n t   i f   t h e   d e l a y   n e e d e d  
can  be r e a l i z e d  a t  a f u t u r e  c o n t r o l - a c t i o n   p o i n t   w h i l e   r e t a i n i n g  30 p e r c e n t  of 
t h e   f u t u r e   d e l a y   c a p a b i l i t y   f o r   s u b s e q u e n t   a c c u m u l a t i o n  of errors or schedu le  
s l i p p a g e .  I f  the   de lay   needed   exceeds  70 pe rcen t  of t h e   f u t u r e   d e l a y   c a p a -  
b i l i t y ,  however, an a c t i o n  m u s t  be taken   as   soon  as p o s s i b l e  t o  modi fy   the  
f l i g h t   p r o f i l e  to a c h i e v e   t h e   n e c e s s a r y   d e l a y .  

G iven   t ha t  a d e l a y   a c t i o n  i s  necessa ry ,   an   op t ion  is chosen  f rom  an  array 
o f   p o s s i b l e   o p t i o n s   f o r  coarse schedu le   ma in tenance   a s soc ia t ed   w i th   t he  par- 
t i cu la r  c o n t r o l   a c t i o n .  Prior to  t h e   i n i t i a l   a r r i v a l   f i x e s ,  no  immediate  delay 
o p t i o n  is a v a i l a b l e ,   b u t   d e l a y   c a n  be achieved  by h o l d i n g   t h e   a i r c r a f t  a t  t h e  
f i x .  On the   pa ths   f rom  the   ho ld ing   f i xes  to t h e   f i n a l   s e q u e n c i n g  area the   h igh-  
est p r i o r i t y   o p t i o n  is a s p e e d   c h a n g e .   I n   t h i s  same reg ion   de l ay   pa ths   can   be  
s p e c i f i e d  to  a c h i e v e   a d d i t i o n a l   d e l a y   i f  a speed  change  a lone i s  not   adequate .  
The s p e c i f i c a t i o n  of op t ions   and   t he   l og ic   fo r   de t e rmin ing   wh ich   op t ion  to u s e ,  
however ,   favors   the   u t i l i za ton   of   speed-change   de lays   over   o ther   de lay   manuevers .  
I f   t h e r e  is no o p t i o n   a v a i l a b l e   w h i c h  is capab le  of ach iev ing   t he   needed   de l ay ,  
t h e   a i r c r a f t  is g i v e n   t h e  lawest s p e e d   p r o f i l e   a n d  is p e r m i t t e d  t o  proceed. 
I f  a c o n f l i c t  is produced because the   de lay   p roblem  cannot   be   reso lved ,  a con- 
f l i c t  a l e r t  w i l l  be genera ted   and   d i sp layed   on   the  real-time s imula t ed   r ada r  
d i s p l a y  as d e s c r i b e d   i n   s e c t i o n  3.4.  
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The fine-tuning DICE calculation is handled as  a separate  control  action 
type which is d i f fe ren t  from the  coarse schedule-maintenance actions.  Calcula- 
tions  are performed to  determine i f  an a i rczaf t  w i l l  a r r ive  ear ly  or l a t e   a t  
the OM i f  a turn  to an FZNAV waypoint is in i t ia ted  immediately.  Results of the 
DICE computation consist of a DICE value and a yes  or no decis ion  to   ini t ia te  
the  turn. If the DICE value is 2 sec or less ,  an immediate, direct-engage  turn 
message is developed. This message is delivered by the communications logic 
to   the  a i rcraf t  during t h e  next TMTM position  update. DICE computations are  
performed i n  two basic  regions. These are  the  path-stretching  regions between 
the  holding f ix  and t h e  firm-sequencing points and t h e  final-sequencing  area 
between the  firm-sequencing  points and the  gate  for  routes from the  north  or 
south. DICE is calculated i n  the  path-stretching  regions  to  determine when the 
a i r c ra f t  should return  to i ts  nominal approach route i f  a delay  path  has been 
assigned  to  the  aircraft. 

3.3.3.1 Speed option: When an a r r i v a l   a i r c r a f t  is entering a path segment 
w i t h  a speed-control  option,  the  speed-control  algorithm (SPMPT) may be called 
upon  by the  control  logic  to  determine  the  desired  indicated  airspeed  for  the 
a i r c ra f t   t o   f l y   t ha t  segment. T h i s  determination  involves  calculating  the  esti- 
mated time of arr ival   a t   the   outer  marker and comparing it to   the   a i rc raf t ' s  
scheduled  outer-marker a r r iva l  time (SMT) . I f  the  delay  required  for  the  air- 
craft  to  achieve its SMT is greater  than 70 percent of the  future  delay capa- 
b i l i t y ,  then some speed modification w i l l  be applied on the  current  path  seg- 
ment. Otherwise,  action is deferred  to a future  control-action  point. 

A l l  the  velocit ies  relating  to  the  aircraft  and path-segment  speed speci- 
f ications  are given i n  indicated  airspeeds. However, i n  calculating  times  to 
fly,  indicated-airspeed  values  are  converted  to  equivalent ground speeds  for 
the  alt i tudes and  wind speeds  encountered by the  a i rcraf t .  From t h i s  point i n  
the  speed-option  discussion,  the  references  to segment veloci t ies  w i l l  refer 
to  the ground-speed equivalents. Once a segment ground speed is determined, 
then it is inversely  transformed  to  desired  indicated  airspeed  for  the  aircraft. 

Consider  the  events an a i r c ra f t  goes  through upon entering a single seg- 
ment of length S1 of an arrival  route w i t h  i n i t i a l  ground speed V i l .  The 
arrival  route is made  up of an arbi t rary number of n segments. The a i r -  
craf t   decelerates   a t  a constant  rate  to some segment velocity Vsl  which is 
w i t h i n  the speed  range  allowed for  that   aircraft  type on the segment 

maintains  the  velocity Vsl . The purpose  of the  speed-control  algorithm, i f  

speed control is to be applied, is to  determine  the  value of Vsl which meets 

the  necessary c r i t e r i a .  Once Vsl is chosen, it then becomes the   i n i t i a l  
velocity  for segment 2. The following  sketch i l lus t ra tes   the  segment-velocity 
relationship  for a representative  route w i t h  n segments. 

(vH1 vS1 2 V L ~ ) .  For the  balance of the segment i n  question  the  aircraft  

For the  sake  of  discussion  the i n i t i a l  assumption w i l l  be that  there  are 
no speed overlaps i n  successive segments, tha t  is, V L ~  2 V H ~ .  The  more general 
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case w i l l  be covered l a t e r .  Given V i l ,  three  estimated  times of a r r iva l   a t  
the  outer marker are  calculated  external  to SPDOPT for  the  value Vsl  . These 
times  are  defined  as follows: 

ETAR (Vsl 1 outer-mar ker a r r iva l  time us ing  Vsl  on S1 and the  highest 
veloci t ies  on the  remaining segments 

XLLT(Vsl 1 outer-marker a r r iva l  time using Vsl  on S1 and the  lowest 
veloci t ies  on the  remaining segments 

XMLLT outer-marker arr ival  time u s i n g  the  lowest  velocities on a l l  
segments 

With the  estimated times of arrival  defined  previously and Vsl = VH, , the 
following can be determined: 

PDELAY present  delay  capability, XMLLT - ETAR(VH, ) 

FDELAY future  delay  capability, XLLT(VH~)  - ETAR(VH~)  

XLLT ' ( V H ~  ) outer-marker a r r iva l  time by assuming no delay on S1 
and by u s i n g  70 percent of future  delay  capability, 
ETAR(VH, ) + 0.7FDELAY 

The following diagram i l lustrates   these  quant i t ies  on a  time-of-day axis. A l s o  
shown are  the  possible  relative  positions of these  quantit ies  to an assigned SMT 
for  the  aircraft .  
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There are  four major cases which  need t o  be considered depending on  when 
the SMT occurs. These are  as  follows: 

Case 1 : SMT < ETAR(VH ) .  The a i r c ra f t  is too slow to  attain  the  assigned 
SMT, even though the  highest  velocities  are assumed. Rescheduling is therefore 
required  to  resolve  the problem. ( N o  speed-option  delay is utilized  for S1 .) 

Case 2 :  ETAR(VH ) 5 SMT 5 XLLT' (VH, ) . I n  t h i s  case  the  a i rcraf t  w i l l  be 
assigned a VHl to   f ly  -SI since  there is enough delay  capability on t h e  
following segments to  achieve  the  required  delay. ( N o  speed-option  delay is 
ut i l ized for S1 .) 

Case 3: XLLT' (VHl ) < SMT 5 XMLLT. I n  t h i s  case  the speed  needs to  be 
determined i n  order  to meet the SMT since  there is not enough delay  capability 
i n  the  future. (Speed-option  delay is necessary.) 

Case 4: XMLLT < SMT. The a i r c ra f t  has insufficient  delay  capability  to 
make its desired SMT. Under normal flight-error  conditions, some action  should 
have occurred  before  reaching S1 to  prevent t h i s  case. This case  could  occur, 
however, w i t h  the  accumulation of severe  flight  errors. (Other  delay  options 
are examined to  resolve  the problem, e.g., backup-delay vectoring. ) 

For case 3 ,  the   c r i te r ia  used to  determine  the segment velocty Vs l  used 
to  meet the   a i rc raf t ' s  SMT are: 

SMT = XLLT' (Vsl ) 

and 

SMT = ETAR (Vsl  ) + k ' [FDELAY (Vsl  ) 1 
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where 

FDEIAY (Vs ) = XLLT(Vsl ) - ETAR(Vsl ) 
1 

and 

f o r  k = 0.7. The speed-con t ro l   a lgo r i thm  de t e rmines  Vsl w i th   t he   a s sumpt ion  

t h a t  a p o r t i o n  of t h e   d e l a y   r e q u i r e d  w i l l  be ach ieved   on   fu tu re   s egmen t s .  The 
va lue  k d e f i n e s   t h e   p e r c e n t a g e  (70 p e r c e n t   h e r e )  of t h e   f u t u r e   d e l a y   c a p a b i l -  
i t y  which  must be u s e d   i n   t h e   f u t u r e  to h e l p   a c h i e v e   t h e  required d e l a y  i f  VHl 
is a s s i g n e d   f o r  S1 . The v a l u e  k' is determined by a f u n c t i o n   w h i c h   d e f i n e s  
t h i s   p e r c e n t a g e   f o r   t h e   f u l l   r a n g e  of p o s s i b l e   s p e e d s   o v e r  S1 (i .e. ,  vH1 to 
V L ~  ) . For V H ~  t h e   v a l u e   o f -  k' is 0.7 a n d   f o r  V L ~  t h e  va lue  is 1 . O .  The 

i n c l u s i o n  of k' f o r c e s   t h e   h i g h e s t   r e a s o n a b l e  Vsl to be chosen   and   decreases  
t h e   f u t u r e   d e l a y   c a p a b i l i t y   h e l d   i n   r e s e r v e  as Vsl  approaches VL1 - 

I n  order to  de te rmine   t he   va lue   o f  V s l ,  i t  is n e c e s s a r y  t o  s o l v e   t h e  pre- 

c e d i n g   e q u a t i o n s   w i t h  XLLT(Vsl) and ETAR(Vsl) as explicit f u n c t i o n s   o f  
Vsl . T h e s e   r e l a t i o n s  are c o n t a i n e d   i n   a p p e n d i x  B .  The v a l u e  Vs l  o b t a i n e d  
i n   t h i s  manner w i t h   t h e   f u n c t i o n  k' w i l l  r e s e r v e  sane d e l a y   c a p a b i l i t y  for 
schedule   s l ippage .   The   prev ious   t ime-of -day   d iagram  only  showed t h e   r e l a t i o n -  
s h i p   o f  ETAR, XLLT', and XLLT for t h e   v a l u e  of VS, = V H ~  . A more g e n e r a l  

r e p r e s e n t a t i o n  as a f u n c t i o n  of V s l  is shown i n   t h e   f o l l o w i n g   d r a w i n g :  

1 

I case  4 t 
c a s e  3 

case  2 

c a s e  1 
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Thus far i n  t h e   d i s c u s s i o n   t h e r e   h a s   b e e n   n o  speed overlap o n   a d j a c e n t  
s e g m e n t s ,   t h a t  is, VL, 2 V H ~ .  A more g e n e r a l   p r o c e d u r e  to h a n d l e   t h e   o v e r l a p  

s i t u a t i o n  ( V H ~  2 V H ~  2 V L ~  VL ) must be c o n s i d e r e d .  I t  i s  possible t h a t  a 
VS, can be de te rmined   such   t haz  Vsl 5 V H ~ .  The M & S system n o r m a l l y   e i t h e r  
m a l n t a i n s  or r e d u c e s   v e l o c i t y   f o r   a r r i v a l   a i r c r a f t .   w h e n e v e r  Vsl 5 VH t h e  
h i g h e s t   v e l o c i t y   p e r m i t t e d   o n   s e g m e n t  2 must be e q u a l  t o  VSl (vH2 = VSl fr 
Bounding V H ~  affects  ETAR(Vs, 1 s i n c e  i t  is d e f i n e d  as t h e  time t o  f l y  t o  
t h e  outer marker u s i n g  Vsl  on  S1 and  the   h ighes t   segment  velocities on a l l  
r e m a i n i n g   s e g m e n t s .   S i n c e   t h e   c a l c u l a t i o n  for X L L T ' ( V s l )  i nvo lves   u s ing  

ETAR(Vs, ) ,  it is also a f f e c t e d .  The r e l a t i o n s h i p s   p r e v i o u s l y   d e f i n e d  are ade- 
q u a t e   o n c e   t h e  explicit f u n c t i o n   o f  XLLT(Vs, ) and ETAR(Vs,) i n  terms of 

Vsl f o r   t h e   o v e r l a p  case a r e   u s e d .   T h e s e   r e l a t i o n s h i p s  are c o n t a i n e d  i n  
appendix B. 

3 .3 .3 .2   Delay   pa th   s t re tch ing:   The  M & S s y s t e m   u n d e r   e v a l u a t i o n   i n   t h i s  
report is based  on a f ixed -pa th   speed-con t ro l   concep t   w i th   con t ingency   de l ay  
p a t h   s t r e t c h i n g .   P r i o r  t o  t h e   a i r c r a f t   r e a c h i n g  a h o l d i n g   f i x ,   e x c e s s i v e   d e l a y s  
which  cannot be r e a l i z e d   w i t h   s p e e d   c o n t r o l   a l o n e  are handled by h o l d i n g   t h e  
a i r c r a f t   a t   t h e   f i x .   F o r   a i r c r a f t  which   have   passed   the   ho ld ing   f ixes ,   cont in-  
g e n c y   d e l a y   p a t h   s t r e t c h i n g  is provided as an o p t i o n  t o  a b s o r b   e x c e s s i v e   d e l a y  
needed   beyond   t he   speed-con t ro l   capab i l i t y .  

D e l a y   p a t h   s t r e t c h i n g  is accomplished by p r o v i d i n g   a n   a l t e r n a t e   c o n t r o l -  
a c t i o n   d e s c r i p t i o n  a t  specific p o i n t s   o n   t h e   r o u t e s .   I n   t h i s  case, t h e   c o n t r o l  
l o g i c   r e t u r n s  to t h e   m a i n   c o n t r o l   r o u t i n e   a n d   t h e  new a c t i o n  is at tempted  f rom 
t h e  top of t h e   c o n t r o l   l o g i c   w i t h  a new p a t h   d e s c r i p t i o n   a n d  a new set of con- 
t r o l  opt ions .   For   the   Denver  M & S c o n f i g u r a t i o n   t h i s   a c t i o n  is s p e c i f i e d  as 
an a l t e r n a t e   p a t h   w h i c h   p r o v i d e s  a vec to r   o f f   t he   nomina l   pa th .  A r e t u r n  t o  
the   nomina l   pa th  is accomplished by D I C E  c a l c u l a t i o n s   a f t e r   t h e   a i r c r a f t   h a s  
e s t a b l i s h e d   i t s e l f   o n   t h e   v e c t o r .  

3.3.3.3  Hold:  Prior to  an i n i t i a l   a r r i v a l   f i x  (IAF) , the   need   for   exces-  
s i v e   d e l a y s   c a n   b e   r e s o l v e d   b y   h o l d i n g   a i r c r a f t  a t  t h e   f i x .   H o l d i n g   s t a c k s   a r e  
provided a t  each   o f   t he   fou r   IAF ' s  so t h a t  u p  t o  f o u r   a i r c r a f t   c a n   e x e c u t e   h o l d -  
i n g   p a t t e r n s   s i m u l t a n e o u s l y   a t   e a c h   f i x .   T h e   r u l e s   f o r   h o l d i n g   a n   a i r c r a f t   c o n -  
sist of   the   fo l lowing:  (1) Any a i r c r a f t  which   has   p rev ious ly   been   advised  t o  
a n t i c i p a t e  a hold w i l l  i n  f a c t  be   r equ i r ed  to  h o l d ,   e v e n   i f   t h e   t r a f f i c   e n v i r o n -  
ment   changes  pr ior  t o  t h e   a i r c r a f t   r e a c h i n g   t h e   f i x ;   ( 2 )   a n   a u t o m a t i c   h o l d  is 
a s s i g n e d  to  an a i r c r a f t   i f   t h e  a i r c r a f t  ahead   (ass igned  to  same IAF) is hold ing  
or a n t i c i p a t i n g  a hold;  and ( 3 )  a hold is a s s i g n e d  i f  t h e   d e l a y   r e q u i r e d  is i n  
excess   o f  70 p e r c e n t   o f   t h e   s p e e d - c o n t r o l   d e l a y   c a p a b i l i t y .  

Once the   de t e rmina t ion   has   been  made t h a t   a n   a i r c r a f t  w i l l  hold,  a d e s i r e d  
hold ing  time is ca lcu la ted   based   on   the   amount   o f   de lay   needed   minus  30 p e r c e n t  
of t h e   d e l a y   a t t a i n a b l e   w i t h   s p e e d   c o n t r o l   i n   t h e   f u t u r e .   T h i s  permits some 
f o r w a r d   s l i p p a g e   o n c e   t h e   a i r c r a f t   h a s   l e f t   t h e   h o l d .   T h i s   d e s i r e d   h o l d i n g  time 
is then  used to compute an actual a s s i g n e d   h o l d i n g  time. If t h e   d e s i r e d  time 
is less t h a n  a minimum hold time, t h e  minimum hold  is a s s i g n e d .  
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Hold  assignments  can  be  initiated by  the  5-min  flight-plan  message, at the 
radar-acquisition  point, or by  the  schedule-maintenance  control  action  prior 
to  the  holding  fix.  Once  the  hold  has  been  assigned,  an  update  of  the  holding 
time  can  occur on subsequent  control  actions  prior  to  the  aircraft  reaching  the 
fix. Once  the  aircraft  has  initiated  a  hold,  a  holding-time  update  is  possible 
only on the  hold-exit-determination  control  action. This  action  occurs  50  sec 
prior  to  the  aircraft's  predicted  time  of  departure  from  the  holding  fix. 

For  the  purpose  of  scheduling  and  sequencing  aircraft, a  possible  holding 
delay  time  is  included  under  certain  conditions  in  the  calculation  of  the  maxi- 
mum  estimated  time  of  arrival. The inclusion  of  this  delay  time  is  dependent 
on  the  route  being  used  by  the  aircraft  and  whether or not holds  have  already 
been  assigned  to  the  aircraft.  For  the  straight-in B Y E S  route,  this  possible 
delay  time  is  included  only  when  the  aircraft  has  already  been  assigned a hold. 
On all  other  routes,  this  time  is  included if  the aircraft  has  not yet reached 
the  holding fix, whether or not a hold  has  been  assigned. This  distinction  is 
made  between  the BYERS route  and  all  other  routes  in  order  to  give BYES air- 
craft  a  sequencing  and  scheduling  priority.  The  result  is  that  resequencing  is 
attempted  for a BYERS aircraft  before  a  hold  is  considered. The  reason for  this 
priority  is  that  the  straight-in B Y E S  route  has  limited  speed-control  delay 
capability  and  is  heavily  used ( 4 0  percent  of  arrival  traffic).  If a BYERS air- 
craft  cannot be  resequenced  ahead of  another  aircraft,  it  may  be  forced  to  hold. 
Once it  is  assigned a hold,  the  route  priority  is  removed  by  the  inclusion  of 

' the  maximum  possible  holding  delay  in  the  maximum  ETA  calculation  of  the  air- 
craft. While BYERS aircraft  are  holding,  all  routes  have  equal  priority. 

3 . 3 . 3 . 4  Direct-course-error  (DICE): A  DICE  computation  is  performed  to 
determine  how  late or how  early  an  aircraft  will  arrive at the OM if a direct- 
engage  turn  to a new  RNAV  waypoint  is  initiated  immediately. This direct- 
engage  procedure  uses  the  capability  of  a  two-dimensional  RNAV  system  (discussed 
in  appendix C)  to  make  a  smooth  turn  from  the  present  position  and  then  fly 
directly  to  the  next  prespecified  waypoint  rather  than  continue  toward  the 
currently  specified  waypoint. A  DICE  control  action  can  be  initially  triggered 
after  an  elapsed  time  following  another  control-action  type or by a forward- 
slippage  calculation  performed  on  another  aircraft.  Once  the  calculation  has 
been  initiated  the  value  returned  from  the  DICE  algorithm  controls  when  the  next 
computation  is  performed. The following  conditions  define  how  often  the 
algorithm  is  called: 

Time before  next 
D I C E  value,  sec  computation,  sec 

21 00 

4 <50 
8 b 50 
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The data  used  to  determine  these  values was  obtained  from  reference 4 and 
rounded to the  nearest  4-sec  radar  scan. 



I I. 

The DICE computa t ion   can   cons i s t  of an ETA c a l c u l a t i o n   w h i c h  assumes e i t h e r  
a s ing le   i rmned ia t e   t u rn  to a waypoint or an  immediate t u r n   t o w a r d s  a waypoint  
fol lowed by a nominal second t u r n  t o  the n e x t   w a y p o i n t .   I n   e i t h e r  case t h e  
a l g o r i t h m  is responsible f o r   d e t e r m i n i n g   t h e   p a t h  to  be flown, c a l c u l a t i n g   t h e  
e s t i m a t e d  time o f  a r r iva l  a t  t h e  OM, and  comparing t h i s  estimate w i t h   t h e   s c h e d -  
u l e d  time o f   a r r i v a l  (SMT) o f   t h e   a i r c r a f t  a t  t h e  outer marker. I n i t i a l   i n p u t  
v a r i a b l e s  to t h e   a l g o r i t h m   c o n s i s t   o f   t h e   f o l l o w i n g :  

V1 i n i t i a l   t r u e   a i r s p e e d  

X 0  n o r t h   r a d a r   c o o r d i n a t e   f o r  a i r c ra f t  

YO east r a d a r   c o o r d i n a t e  for a i r c r a f t  

hl i n i t i a l  track h e a d i n g   o f   a i r c r a f t  

TM time r e q u i r e d  to d e l i v e r   d i r e c t   e n g a g e   m e s s a g e  

TR r o l l - i n  time f o r  t u r n  

A l l  ang les   and   head ings   u sed   i n   t h i s   d i scuss ion  are  i n   d e g r e e s .   I n   r e f e r e n c e  
to figure 8, t h e   p r e d i c t e d   f l i g h t   p a t h  of t h e   a i r c r a f t  i s  computed   wi th   the  
f o l l o w i n g   e q u a t i o n s :  

x1 = x, + ~i s i n  8 

where D i  is t h e   d i s t a n c e   t r a v e l e d   b e f o r e   t h e   t u r n ,  8 is the   angle   measured  
c o u n t e r c l o c k w i s e   f r a n  east  t o  the   head ing   vec to r ,   and  (X1 ,Y1) is t h e   i n i t i a l  
p o s i t i o n   o f   t h e   a i r c r a f t   b e f o r e   t h e   t u r n .   I f   t h e   t u r n   d i r e c t i o n  Q1 t o  way- 
p o i n t  (Xp,Yp)  is known, where Ql = 1 i n d i c a t e s  a r igh t -hand  tu rn   and  Ql = -1 
i n d i c a t e s  a l e f t - h a n d   t u r n ,   t h e   p o s i t i o n  (X2,Y2) a t  t h e   e n d   o f   t h e   t u r n  i s  c a l -  
c u l a t e d  as f o l l o w s :  
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Figure 8.- One-turn DICE geometry. 
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where 

The   fo l lowing   equa t ions  re la te  t o  f i g u r e  8 : 

where 

4 g r a v i t y  

%OM nominal   bank  angle   assumed  for   an RNAV d i r e c t - e n g a g e   t u r n  

d = {(Xp - X R ) ~  + (Yp  - Y R ) ~  

61 = cos-1 (;) 

I f  h2 is nega t ive ,   t hen   h2  = h2 + 3 6 0 .   T h e   d i s t a n c e   t r a v e l e d   i n   t h e   t u r n  
DT1 is 

= R181CR 

where CR is a c o n v e r s i o n   f a c t o r  from d e g r e e s  to r a d i a n s .  
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I f  a s i n g l e  DICE t u r n  is s p e c i f i e d ,   t h e   d i s t a n c e  Dp to t r a v e l  fran t h e  
end of t h e   t u r n  (X2,Y2) t o  the   waypo in t  ( X p , Y p )  is 

D p  = $X2 - X p I 2  + (Y2 - Y p I 2  

The total d i s t a n c e  Dl to be flown fran t h e   a i r c r a f t ' s   p r e s e n t   p o s i t i o n  t o  t h e  
waypoint is 

For a two-turn D I C E  computat ion,  shown i n  f i g u r e  9,  t h e   a l g o r i t h m   c a l c u -  
la tes  a p o i n t  (X3,Y3) w h e r e   t h e   t u r n  t o  i n t e r c e p t   t h e   n o m i n a l   p a t h  t o  waypoint  
G b e g i n s .   T h i s   c a l c u l a t i o n  is accomplished by d e t e r m i n i n g   t h e  offset  to  begin  
a t u r n  fran p o i n t  (X2,Y2) w i t h   i n i t i a l   h e a d i n g   h 2   a n d   t e r m i n a t i n g   t a n g e n t  t o  
a l i n e  parallel  to the   nomina l   pa th  t o  p i n t  G.  The  nominal-path  heading to 
p o i n t  G is denoted  h3. By assuming a t r u e  airspeed V2, a s s o c i a t e d   w i t h  
t h e   s e c o n d   t u r n ,   t h e   r a d i u s  of t u r n  R2 is 

I f  t h e   t u r n   d i r e c t i o n   4 2  t o  waypoint G is known, where Q2 = 1 i n d i c a t e s  
a r igh t -hand  tu rn   and   42  = -1 i n d i c a t e s  a l e f t - h a n d   t u r n ,   t h e   p o s i t i o n  (XbrYb) 
is 

and 

where 

Ax2 = R2Q2 ( s i n   h 3  - s i n   h 2 )  

A Y ~  = R2Q2 (COS h2 - cos h3) 

33 



W 
10 

Figure 9 .- Two-turn DICE geometry. 



P o i n t  (Xc,Yc) is t h e   i n t e r s e c t i o n  of t h e  l i n e  through ( X b r Y b )  w i th   head ing  
h3   and   the  l i n e  through (X2,Y2) wi th   heading   h3  + 90. Point   (xd,Yd) is 

The o f f s e t  location (xd,Yd) is used t o  d e f i n e  a l i n e  paral le l  t o  the   nominal  
p a t h  to point G w i th   head ing   h3   and   i n t e r sec t ing   t he   pa th  to  p o i n t  (Xp,Yp) 
wi th   head ing   h2 .   The   i n t e r sec t ion   po in t  is p o i n t  (X3,Y3). 

The d i s t a n c e   t r a v e l e d   i n   t h e   t u r n  D T ~  is 

where 

82 = / A h ' ]  

82 = 360 - Ah' 

82 = 360 + Ah' 

f o r  

x4 = X3 + Ax2 

Y4 = Y3 + AY2 

The d i s t a n c e  Dp flcwn  on  heading h2 is 

(-180 5 Ah' < 180)  

(Ah' h 180)  

(Ah' < -180) 

Dp = fix3 - X2)2 + ( Y 3  - Y2) 
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The d i s t a n c e  DG flown from (X4,Yq) to  p i n t  G is 

DG = (I(XG - X4) + (YG - Y4)2 

The t o t a l  d i s t a n c e   f l o w n  Dl from t h e  a i r c r a f t ' s  p o s i t i o n  to  ( X 3 , Y 3 )  for t h e  
f i r s t   t u r n  is 

The t o t a l  d i s t a n c e   f l o w n  D2 f r a n  (X3,Y3) to  p o i n t  G f o r   t h e   s e c o n d   t u r n  
is 

T h e s e   c a l c u l a t i o n s   p r o v i d e   t h e   d i s t a n c e s  and head ings   necessa ry  t o  calcu-  
l a t e  an   e s t ima ted  time o f   a r r i v a l  (ETA) a t  t h e   o u t e r  marker. A d e t a i l e d  
exp lana t ion   o f  ETA c a l c u l a t i o n s   i n  TAATM can be found i n   r e f e r e n c e  7.  The D I C E  
va lue   ( i n   s econds )  is c a l c u l a t e d   b y  DICE = SMT - ETA a n d   i n d i c a t e s  how e a r l y  
( i f   p o s i t i v e )  or how l a t e  ( i f   n e g a t i v e )   t h e   a i r c r a f t  w i l l  a r r i v e  a t  t h e  OM. 

The D I C E  v a l u e  is t h e n   p r e s e n t e d   i n   t h e   a i r c r a f t   t a g   o n   t h e   d i s p l a y .  When t h i s  
va lue  i s  less than or equal to 2 sec, a message is g e n e r a t e d   a n d   d e l i v e r e d  t o  
t h e   a i r c r a f t  to perform a d i r e c t   e n g a g e  t o  the   nex t   waypo in t .  

3 .4   System  Output   and  Display 

Commands and   o the r   i n fo rma t ion   gene ra t ed   by   t he  TAATM M & S c o n t r o l   l o g i c  
are o u t p u t  by a lphanumer ic   d i sp l ay  a t  t h e   c o n t r o l l e r   c o n s o l e   i n   t h e   f o r m   o f  tab- 
ular lists and a i r c r a f t   t a g   c a n p o n e n t s .  I t  is e n v i s i o n e d   t h a t   i n  a r e a l   s y s t e m  
t h e   c o n t r o l l e r   w o u l d  use t h e   t a g   i n f o r m a t i o n  t o  f o r m u l a t e   t h e   d e s i r e d  ATC c o m -  
mands. I t  should  be n o t e d   t h a t   t h e   d i s p l a y   f o r m a t   a d o p t e d  for  TAATM does   no t  
n e c e s s a r i l y   r e p l i c a t e   a n y   e x i s t i n g  or p r o p o s e d   a c t u a l  a i r  t r a f f i c   c o n t r o l l e r ' s  
d i s p l a y   b u t  was d e v e l o p e d   f o r   t h e   i n t e n d e d  uses of t h e  TAATM program i n   a n  
exper imenta l   envi ronment .  

The TAATM s i m u l a t i o n   h a s   t h e   f e a t u r e  of d i s p l a y i n g   a b b r e v i a t e d  command 
messages i n  ATC p h r a s e o l o g y   f o r  a p e r i o d   o f  time dependent   on  message  length.  
These   messages   and   the i r   de l ivery  times are g e n e r a t e d   i n   a c c o r d a n c e   w i t h   t h e  
s c h e d u l e - m a i n t e n a n c e   a l g o r i t h m s   d e s c r i b e d   i n   s e c t i o n   3 . 3 . 3 .  

Two o t h e r   t y p e s  of lists are d i s p l a y e d  as l o n g  as t h e   i n f o r m a t i o n  i s  
a p p l i c a b l e .  One o f   t h e s e  i s  a l i s t  f o r   e a c h   h o l d i n g   s t a c k   o f   d e s i r e d   f i x  
d e p a r t u r e  times of a i r c ra f t  which  have  been  ass igned  delays a t  t h e   a r r i v a l  
( m e t e r i n g )   f i x e s .  The o t h e r  is a c o n f l i c t - a l e r t  l i s t  c o n t a i n i n g   t h e   a i r c r a f t  
f l i g h t  numbers  and p r e d i c t e d  time errors f o r   w h i c h   c o n f l i c t s  are n o t   c u r r e n t l y  
r e so lved .   Th i s  l i s t  a n d   t h e   d a t a   t a g s  of t h e  a i rcraf t  involved  are d i s p l a y e d  
i n  a f l a s h i n g  mode for   emphas is .  
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I n  close p r o x i m i t y  to  each a i rc raf t  p o s i t i o n  symbol, a d a t a   t a g   c o n t a i n i n g  
bo th   conven t iona l   s t a tus   and  M & S c o n t r o l - d i r e c t i v e   i n f o r m a t i o n  is w r i t t e n .  
The s t a t u s   d a t a   i n c l u d e   t h e  a i r l i ne  f l i g h t  number , a heavy  performance-class-  
a i r c r a f t   i n d i c a t o r ,  a con t ro l l e r   hand-o f f  symbol, and radar a l t i t u d e   a n d   g r o u n d  
speed. The c o n t r o l  d i r e c t i v e s  may i n c l u d e   a s s i g n e d   h o l d i n g  times, a l e f t -  or 
r i g h t - t u r n   v e c t o r   i n s t r u c t i o n   w i t h  a des i r ed   head ing ,  a d e s i r e d   i n d i c a t e d -  
airspeed o b j e c t i v e ,   a n d  a D I C E  countdown  value  and  an associated waypoint sym- 
bol  and name. The name of the   waypo in t   t oward   wh ich   t he  a i rcraf t  should   be  
d i r e c t e d  to  t u r n  as a D I C E  va lue   approaches   ze ro  is d i s p l a y e d   c o n t i n u o u s l y  when 
t h e   v a l u e  is less t h a n  30 sec a n d   f l a s h i n g  for v a l u e s  less  t h a n  1 5  sec. If t h e  
c o n t r o l  logic d e t e r m i n e s   t h a t  a waypoin t   should  be e n t i r e l y   s k i p p e d  by t h e  air-  
c r a f t ,  a leader l i n e  is f l a s h e d  fran t h e   a i r c r a f t  symbol t o  t h e   d e s i r e d  way- 
p o i n t .  

F i g u r e  10 shows a r e p r e s e n t a t i v e  TAATM d i s p l a y   a n d   f i g u r e  1 1  describes t h e  
a i r c r a f t - t a g   n m e n c l a t u r e   b a s e d   o n   t h e   d a t a - b l o c k   o r g a n i z a t i o n   i n   r e f e r e n c e  4. 

3 . 5  I n t e r a c t i o n  of t h e  TCV B-737 A f t   F l i g h t  D e c k  S i m u l a t o r  

and   t he  M 61 S Terminal-Area  Simulat ion 

The TAATM real-time simulation  program  and a f ixed-base cockpit simulator 
form t h e  basis o f   a n   o v e r a l l   m i s s i o n   s i m u l a t o r   f o r  real-time p i l o t - i n - t h e - l o o p  
exper iments .  The cockpit simulator used i n   t h e   e x p e r i m e n t s  is a replica of t h e  
a f t   f l i g h t  deck of t h e  TCV B-737-100 a i r c r a f t  described i n   r e f e r e n c e  9. The 
computer program for the   ae rodynamics ,   d i sp l ays ,   and   con t ro l s   o f   t he  cockpi t  
is programmed f o r   t h e   C o n t r o l  Data CYBER computer systems  and Adage Graphics  
Sys tems.   This   s imula t ion   package   inc ludes  a nonl inear   mathemat ica l  model of 
t h e  B-737-100 a i r c ra f t   w i th   t he   add i t ion   o f   l and ing-gea r   dynamics ,   gus t /w ind  
mode l s ,   non l inea r   ac tua to r  models, and   i n s t rumen t   l and ing   sys t em ( I L S )  and 
microwave  landing  system ( M L S )  sensor   models .  

I n i t i a l i z a t i o n   o f   t h e  c o c k p i t  takes place through a prescribed procedure  
i n  wh ich   t he   da t a  for a selected TAATM a i r c ra f t  is used t o  s e t  t h e   p r o p e r  s t a t e  
v a l u e s   i n   t h e  TCV program. Mode c o n t r o l  for t h e  TCV program is t h e n   s l a v e d  t o  
t h e  TAATM p r o g r a m   f o r   t h e   e n s u i n g   o p e r a t i o n   i n   s y n c h r o n i z e d  rea l  time (SFCC). 
The TAATM program  and  the cockpit s i m u l a t i o n  are run   s imul t aneous ly   on  separate 
C o n t r o l  Data CYBER 175 computer  systems  under  the direct  communication capa- 
b i l i t i e s  and   cons t ra in ts   p rovided   by   the   Langley   Rea l -Time  S imula t ion   Sys tem.  
Reference 10 is  a guide for t h e  basic o p e r a t i o n   o f   t h e  TAATM program  and 
r e f e r e n c e  1 1  c o n t a i n s   d o c u m e n t a t i o n   o f   t h e   i n t e r f a c e   a n d   o p e r a t i o n   p r o c e d u r e  
i n   t h e   m i s s i o n   s i m u l a t o r  m o d e .  A block diagram  of  the real-time e x p e r i m e n t a l  
c o n f i g u r a t i o n  is shown i n   f i g u r e  1 2 .  Data t r ansmi t t ed   be tween   t he   p rog rams  
c o n s i s t  of a i r c r a f t  i n i t i a l i z a t i o n   p a r a m e t e r s  and mode-cont ro l   s igna ls  from t h e  
TAATM and u p d a t e d   a i r c r a f t  parameters f r a n   t h e  c o c k p i t  s i m u l a t i o n  t o  TAATM 
d u r i n g  SrzT o p e r a t i o n .  Data t r a n s f e r   o f   t h e   u p d a t e d  a i r c ra f t  parameters o c c u r s  
a t  a rate of 32 times per second   wh i l e   ope ra t ing .   The  TAATM, however,   only 
e x a m i n e s   t h e   d a t a   l i n e s  a t  4-sec i n t e r v a l s  as i f   t h e   i n p u t s  were from an 
a u t a n a t e d  radar t e rmina l   sys t em (ARTS) r a d a r .   T a b l e s  1 and 2 present t h e  
parameters   involved i n  the   mi s s ion - s imula to r  data exchange. 

37 

L 



. - - ... 

TERMINRL FIRER SII.lULfiTION G n T  18:YE:YE 
/ 

0 O S L L  ' 
\ 

\ 030 OP/HR 0100 MIX 
/ \ DATE: 29 .JIJN 73 
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Data-tag  organization 

I I I 

I 

I I I I 

I 
3 

I 

1 2 

4 
I 

Leader 1 ine / m m m  
/ 

~ 

I 1 I I I I I 

1 
8 

I I 
9 

K Ai r c r a f t  symbol 
A A Ai r c ra f t   pas t -pos i   t i  on markers 

Data-tag  f ields 

Field 1 DICE countdown ( e . g . ,  +75 * 75 s e c   e a r l y   a t  waypoint 

Field 2 Waypoint symbol 
-5 * 5 s e c   l a t e   a t  waypoint) 

associ  ated  with DICE ( e . g . ,  G * Waypoint a t  p o i n t  G )  

Field 3 Ai r c r a f t   f l  i g h t  
i den t i f i ca t ion  

Field 4 Symbol ( H )  f o r  
heavy a i   r c r a f t  

Field 5 A1 t i  tude/100 

Field 6 Hand-off symbol 

Field 7 Ground speed/lO 

Field 8 Vector command 
Hold command 
Way point name 

( e . g . ,  L210 + T u r n  l e f t   t o  210') 
(e .g .  , H L D )  
( e .g . ,  GATE + T u r n  t o   g a t e )  

Field 9 Speed command (e .g . ,  S210 -f Speed  210 knots) 
Hol ding t i  me ( e . g . ,  04 + Hold f o r  4 min) 

NOTE: Waypoint name in  Field 8 can  extend into  Field 9 

Figure 1 1  .- Aircraft   data- tag   informat ion  for  TAATM d i sp lay .  
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Figure 12.- Block diagram of  the  real-time experimental configuration. 



The TAATM s i m u l a t i o n  t reats  t h e  cockpit as i f  it were part o f   t he   i n t e r -  
n a l l y   g e n e r a t e d   t r a f f i c   a n d  w i l l  r e s o l v e   c o n f l i c t s   a n d / o r  take advantage  of 
s i t u a t i o n s   c r e a t e d  by c o n t r o l l e r / p i l o t   a c t i o n s .  Hawever,   gross errors by e i t h e r  
p a r t y   c a n   e x c e e d   t h e   c o n t r o l l a b i l i t y   o f   t h e   s y s t e m   w h i c h  w i l l ,  of course, resul t  
i n   u n r e s o l v e d   c o n f l i c t s .  

I n   a d d i t i o n  t o  the canputer da ta   t r ans fe r ,   vo ice   communica t ion  is main- 
t a i n e d   b e t w e e n   t h e   f l i g h t  crew and the p e r s o n   a c t i n g   i n   t h e  role o f   t he  a i r  
t r a f f i c   c o n t r o l l e r  a t  t h e  TAATM s i m u l a t e d   r a d a r   d i s p l a y .   D u r i n g   t h e   m i s s i o n  
s imula t ion   expe r imen t s ,   t he  TAATM c o n t r o l l e r  and t h e   c o c k p i t  crew i n t e r a c t   i n  
t h e  manner d e s c r i b e d   i n   s e c t i o n  3.6. 

TABm 1 .- INITIAL CDNDITIONS  TRANSMITTED  FROM TAATM TO THE TCV SIMULATION 

Data d e s c r i p t i o n  R e s o l u t i o n  Data r ange  

X-posit ion,  f t  ( m )  . . . . . . . . . .  k0. 06 (20.02) +501 000 (kl 52 705) 

Y-posi t i o n ,  f t  (m)  . . . . . . . . . .  k0.06 (k0.02) 2501 000 (21 52 705) 

A l t i t u d e ,  f t  ( m )  . . . . . . . . . . .  kO.90 (k0.27) 0 t o  30 000 (0 t o  91 4 4 )  

Heading,  deg . . . . . . . . . . . . .  
I n d i c a t e d   a i r s p e e d  (IAS) . knots  . . .  

0 t o  360 

0 t o  500 

kO.01 08 

20. 01 5 

FWAV b i a s  errors: 
Azimuth,  deg . . . . . . . . . . . .  

+6 x 1 0-5 +1 Range,  n.mi. . . . . . . . . . . .  k3 x 10-4 +5  

TABLE 2.- AIRPLANE-STATE  PARAMETERS  TRANSMITTED  FROM TCV SIMJLATION TO TAATM 

Data d e s c r i p t i o n  

X-posi t ion,  f t  (m)  . 
Y-posi  t ion,  f t  (m) . 
A l t i t u d e ,   f t  ( m )  . . 
Heading,  deg . . . .  
IAS, knots  . . . . .  
Ground  speed,  knots 
Bank angle ,   deg . . 

. -~ . . . .  . 

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
" " .~ ". 

Data  range 

+501 000 (kl 52 705) 
2501 000 (kl 52 705) 

0 t o  30 000 ( 0  t o  91 4 4 )  
0 to 360 
0 t o  500 
0 to 500 

+go 
. .  ~ ~ 

R e s o l u t i o n  

k0.06 (k0.02) 
k0.06 (k0.02) 
kO.90 (k0.27) 

20.01 08 
+ O .  01 5 
20. 01 5 

+ O .  0054 
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3.6 P r o c e d u r a l   D e s c r i p t i o n  of Human I n t e r a c t i o n  

For   t he   compute r - a s s i s t ed  M & S system to operate smoo th ly ,   bo th   t he  
c o n t r o l l e r  ( s )  a n d   t h e  pi lot  ( s )  must   respond t o  the   compute r -gene ra t ed   r eques t s  
w i t h i n  time ranges   assumed  by   the   g round  canputer .   Al though  minor   d i screpancies  
are unavoidable   due t o  human and  mechanical  factors, e x t r e m e   n a v i g a t i o n  errors 
a n d / o r   i g n o r e d   i n s t r u c t i o n s   c a n  create c i r c u m s t a n c e s  t o  w h i c h   t h e   c o n t r o l   l o g i c  
may be unable  to  a d j u s t .  The  model w i l l  t h e n   g e n e r a t e   e x c e s s i v e   r e s e q u e n c i n g  
a n d   d e l a y s   i n  its attempt to c o n t r o l   t h e  t r a f f i c .  

3.6.1 C o n t r o l l e r   r e s p o n s i b i l i t i e s . -  T h e   p r i m a r y   r e s p o n s i b i l i t i e s   o f   t h e  
c o n t r o l l e r   w i t h  respect t o  t h e   c a m p u t e r - a s s i s t e d  M & S system are t o  i n t e r p r e t  
a n d   r e l a y   t h e   g e n e r a t e d   r e q u e s t s  to  t h e   a i r c r a f t   u n d e r   h i s   c o n t r o l ,  to monitor  
t h e  t r a f f i c  flow for safety,  and to resort to  a l t e r n a t i v e  A X  procedures  i n  t h e  
event   o f   computer   fa i lure  or c a t a s t r o p h i c  errors. I n   g e n e r a l ,   t h e r e  are  t h r e e  
t y p e s   o f   c o n t r o l  areas f o r   e a c h   a r r i v a l   r o u t e  or STAR. These are: (1 )  A l t i t u d e ,  
s p e e d ,   a n d   f i x   d e p a r t u r e - t i m e   c l e a r a n c e s   ( p o s s i b l y   i n c l u d i n g   h o l d i n g - s t a c k  
d e l a y s )   f o r   t h e   a r e a   b e t w e e n   t h e   t e r m i n a l  area perimeter a n d   i n i t i a l   a r r i v a l  
f i x  (IAF); ( 2 )  f i x e d - p a t h   s p e e d   r e q u e s t s   w i t h   p o s s i b l e   d e l a y   v e c t o r i n g   b e t w e e n  
t h e  IAF and  f i rm-sequencing   po in t ;   and   (3)   d i rec t -engage   and   f ina l - speed   reduc-  
t i o n   r e q u e s t s   f o r   f i n e   t u n i n g   b e t w e e n   t h e   f i r m - s e q u e n c i n g   p o i n t   a n d   t h e  outer 
marker. The d i rec t -engage  requests t o  s p e c i f i e d   w a y p o i n t s  are issued i n  
response  t o  the  computer-generated  DICE-procedure  countdown i n   t h e   f i n a l   c o n t r o l  
area and a l s o   f o r   a n  imposed d e l a y   v e c t o r .  Of course, o t h e r   i n f o r m a t i o n   s u c h  
as t r a f f i c   a d v i s o r i e s ,  a i rport  condi t ions ,   and   rad io- f requency   changes   (handoffs )  
is i s s u e d  as r e q u i r e d .  

3 . 6 . 2   F l i g h t - c r e w   r e s p o n s i b i l i t i e s . -  The  nominal f l i g h t   p a t h ,   w a y p o i n t  
a l t i t u d e s ,   a n d   s p e e d s  are d e p i c t e d   o n   t h e   n a v i g a t i o n  plate (STAR) for each  
approach  path.  An example procedure for t h e  SAWNEE  STAR is shown i n   f i g u r e   1 3 .  
The  normal  f l ight-crew  procedure i n   f l y i n g   a n   a p p r o a c h  is to  a d h e r e  t o  t h e  STAR 
s p e c i f i c a t i o n s   e x c e p t   i n   r e s p o n s e  t o  d e v i a t i o n s   s u c h  as speed  changes  and  holds 
or d e l a y   v e c t o r s   r e q u e s t e d   b y   t h e   c o n t r o l l e r  ( i .e . ,  " c o n t r o l  by   excep t ion" ) .  
To   t he  best o f   t h e i r   a b i l i t y ,   t h e  crew m u s t  d e t e r m i n e   t h e   h o l d i n g - p a t t e r n   l e g  
g e a n e t r y   n e c e s s a r y  t o  meet t h e   d e s i r e d   f i x   d e p a r t u r e  time for an   ass igned   ho ld .  
Speed  changes  should be i n i t i a t e d   i m m e d i a t e l y  upon p a s s i n g   t h e   p o i n t s   i n d i c a t e d  
o n   t h e   a p p r o a c h   p l a t e  or i n   r e s p o n s e  t o  a c o n t r o l l e r   r e q u e s t .   A l t i t u d e   o b j e c -  
t ives s h o u l d  be met a t  or prior t o  p a s s i n g   t h e   s p e c i f i e d   w a y p o i n t   b u t   g e n e r a l l y  
h a v e   s e c o n d   p r i o r i t y  t o  m e e t i n g   s p e e d   o b j e c t i v e s .  

Other time-critical r e s p o n s e s   i n c l u d e   a l t i t u d e   c h a n g e s   w i t h i n  a h o l d i n g  
stack, d e l a y  vector i n i t i a t i o n ,   a n d   d i r e c t - e n g a g e   t u r n s  to  w a y p o i n t s   i n   t h e  
DI(3E c o n t r o l  areas. A d i r e c t - e n g a g e   t u r n   c o n s i s t s  of s imply   b reak ing   o f f  from 
the c u r r e n t   f l i g h t   p a t h   a n d   t u r n i n g  to  a h e a d i n g   t h a t  w i l l  t a k e   t h e  a i r c ra f t  
d i r e c t l y   o v e r   t h e   n a v i g a t i o n   w a y p o i n t   s p e c i f i e d   i n  t h e  c o n t r o l l e r   r e q u e s t .  
Dece le ra t ion   and   descen t  rates should  be c o n s i s t e n t   w i t h   t h o s e   v a l u e s   m o d e l e d  
i n   t h e  M & S computer   for  ETA computat ions.  
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Figure 13.-  Navigation plate  for SHAWNEE STAR. 

4 .0  ERROR MODELS 

The errors used i n  the s t u d y  are a  combination  of  the  Terminal Area Air 
Traff ic  Model (TAATM) system and aircraft   errors  together w i t h  errors  for  the 
FNAV model supplied by the MITRE Corporation. The significant  navigation models 
used for  the M 61 S s t u d y  are VOR/DME RNAV and MLS. The RNAV bias  errors pre- 
sented i n  table  3 include  angle and range errors  associated w i t h  both the  air-  
borne equipnent (Aea and ADa) and the ground s ta t ion  (beg and A D g ) .  They 
are  combined i n  accordance w i t h  the  equations 

where A e m ~  is the  bearing-angle  error and AD,,, is the Dm range error.  
The airborne-equipment errors  are  applied  as a constant  for a particular  air-  
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craf t  and t h e   g r o u n d - s t a t i o n  errors are applied as a c o n s t a n t  for a p a r t i c u l a r  
s t a t i o n  site. The v a l u e s  A8m~v and A P ~ A v  are a p p l i e d  t o  t h e   e x a c t  posi- 
t i o n   o f   t h e   a i r c r a f t   o n  a g i v e n   s c a n   i n   o r d e r  t o  s i m u l a t e   t h e   p o s i t i o n  measured 
by t h e   a i r b o r n e   n a v i g a t i o n   s y s t e m .  

TABLE 3 .  - m A V  BIAS -ERROR M3DEL 

E r r  or 

Airborne   equipnent :  

Sym bo1 10 v a l u e  

0.75O 

0.3 n.mi. 

1 .oo 

0.05 n.mi. 

A p p l i c a t i o n  

Determined  once 
for each a i r c ra f t  
and kept c o n s t a n t  
dur i ng f 1 i g h t  

Determined  once 
f o r   e a c h   a i r c r a f t  
and kept c o n s t a n t  
d u r i n g   f l i g h t  

Determined  once 
fo r   each   g round  
s t a t i o n   a n d  k e p t  
c o n s t a n t  

Determined  once 
for   each   ground 
s t a t i o n   a n d  kept 
c o n s t a n t  

The MLS errors p r e s e n t e d   i n   t a b l e  4 i n c l u d e   s i g n a l   n o i s e  (Aen and APn) 
and b i a s  errors (A8b and   bob)   wh ich   a r e   app l i ed   depend ing   on   t he   r ange   o f   t he  
a i r c r a f t  f r o m   t h e   s t a t i o n .  The errors were chosen t o  model   the basic wide- 
a p e r t u r e ,   h i g h - r e s o l u t i o n  MLS sys t em  in t ended   fo r   h igh -dens i ty   t e rmina l   a r eas .  
For t h i s   s y s t e m  t w o  MLS c o v e r a g e   c o n f i g u r a t i o n s ,  ?40° and +60° coverage ,  were 
u s e d   i n   t h e   e x p e r i m e n t s .   W i t h i n   t h i s   c o v e r a g e   t h e   r a n g e  errors  f o r   b o t h   b i a s  
a n d   n o i s e   v a r y  as a f u n c t i o n   o f   d i s t a n c e   f r o m   t h e  MLS s t a t i o n  s i te .  The errors  
a re   combined   i n   acco rdance   w i th   t he   equa t ions  

where A0,s is t h e   a n g l e  error and Apms is the   r ange  error.  The v a l u e s  
ABmS and A P ~ S  are a p p l i e d  to t h e   e x a c t   p o s i t i o n  of t h e   a i r c r a f t   o n  a 
g i v e n   s c a n   i n   o r d e r  t o  s i m u l a t e   t h e   p o s i t i o n   m e a s u r e d  by t h e   a i r b o r n e   n a v i g a t i o n  
system. 
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TABU 4. - MLS ERROR  M)DEL 

E r r o r  

Bias : 

Azimuth . . . . . . 

Range . . . . . . . 

Noise: 

Azimuth . . . . . . 

Range . . . . . . . 

aFor  range  54.5  n.mi. 
bFor range  >4.5  n.mi. 

Symbol 

- 

1U v a l u e  

0.066O 

a14.3 m 
(46.8 f t )  

b88.7 m 
(291 .O f t )  

0.091 0 

a3.7 m 
(1 2.2 f t )  

b6.8 m 
( 2 2 . 3   f t )  

A p p l i c a t i o n  

Determined  once for 
e a c h  a i r c ra f t  and 
k e p t  c o n s t a n t  
d u r i n g  f 1 i g h t  

Determined  once for 
each   r ange   fo r  
e a c h  a i r c ra f t  and 
k e p t  c o n s t a n t  for 
t h e   b a l a n c e  of t h a t  
range 

Redetermined  every 
4 sec f o r  each 
a i r c r a f t  

Redetermined   every  
4 sec for each a i r -  
c r a f t  a n d   a p p l i e d  
dependent  on  range  of 
a i r c r a f t  f r m  s t a t i o n  

The a i r c r a f t - p e r f o r m a n c e   d e v i a t i o n  errors p r e s e n t e d   i n   t a b l e  5 a re  used 
to  s imula t e   t he   p rec i se   ach ieved   va lues   a s   opposed  t o  t h e   e x a c t  desired v a l u e s .  
The f i r s t   f o u r   d e v i a t i o n   e r r o r s   i n   t h e  t ab le  a r e   r e d e t e r m i n e d   f o r   e a c h   a i r c r a f t  
whenever a speed or a l t i t u d e   c h a n g e  is i n i t i a t e d .  The a p p l i c a t i o n  of speed  and 
a l t i t u d e  d e v i a t i o n  is d i s c o n t i n u e d   o n c e   t h e   a i r c r a f t  is on f i n a l   a p p r o a c h .  The 
a p p l i c a t i o n   o f  a d e s c e n t - r a t e   d e v i a t i o n  is d i s c o n t i n u e d   o n c e   t h e   a i r c r a f t  is 
be tween   t he   ou te r  marker and  the  runway. The l a s t  d e v i a t i o n   i n c l u d e d   i n   t h e  
t a b l e  is t h e   t i m e - d e l a y   f l i g h t   t e c h n i c a l  error.  T h i s  error s i m u l a t e s   p i l o t  
v a r i a b i l i t y   i n   i n i t i a t i n g  a D I C E  t u r n .  The assumption is t h a t   t h e  p i lo t  w i l l  
respond to a d i r e c t - e n g a g e   m e s s a g e   f r a n   t h e   c o n t r o l l e r   w i t h  a mean time of 4 sec 
and a s t a n d a r d   d e v i a t i o n  of 3.5 sec. 
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TABLE 5 .- AIRCRAET-PERFORMANCE  DEVIATION  ERRORS 

I Error I 10 v a l u e  

A l t i t u d e ,  m ( f t )  . . . . . . . . . 

Speed,   knots  . . . . . . . . . . . 

D e s c e n t   r a t e ,   p e r c e n t  . . . . . . 

D e c e l e r a t i o n  ra te ,  knots/min . . . 

F l i g h t   t e c h n i c a l  time d e v i a t i o n  
i n   i n i t i a t i n g  a t u r n ,  sec . . . 

30.5 
(1 00.0) 

5 

5 

5 

3 . 5  

A p p l i c a t i o n  

Determined  each time 
a l t i t u d e   c h a n g e  is 
i n i t i a t e d  

Determined  each time speed 
change is i n i t i a t e d  

Determined  each time a 
d e s c e n t  is i n i t i a t e d  

Determined  each time a 
d e c e l e r a t i o n  is i n i t i a t e d  

Determined  each time a 
DICE t u r n  is c a l c u l a t e d  

The  wind-speed  and d i r e c t i o n   b i a s  errors are a p p l i e d   a s   s t r a i g h t   p e r c e n t -  
ages   of   the   wind  values  which a f f e c t   a n   a i r c r a f t ' s   p o s i t i o n   o n  a given  scan.  
The  wind  model  and its associated e r r o r s   c o n s i s t   o f   t h e   f o l l o w i n g :  

Ws = [ W  + Asa(h - ho)I (1 + Bs) 

WD = ['Y + y ( h  - ho)I (1 + Bd) 

where 

a c t u a l  wind speed  

assumed  wind s p e d   a t  g r o u n d   l e v e l  

assumed  change i n   s p e e d   w i t h   c h a n g e   i n   a l t i t u d e  

a i r c r a f t   a l t i t u d e ,  MSL 

a i r p o r t  a l t i t u d e ,  MSL 

wind-speed  bias 

a c t u a l  wind d i r e c t i o n ,   d e g   t r u e  

assumed  wind d i r e c t i o n  a t  g r o u n d   l e v e l ,   d e g   t r u e  
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Y assumed change i n  w i n d   d i r e c t i o n   w i t h   c h a n g e   i n   a l t i t u d e  

Bd wind-d i rec t ion  bias 

The nominal   values  for Denver   cons i s t  of the   fo l lowing :  

w = 7.91 8 k n o t s  

A.Sa = 0.007769  knots/m  (0.002368  knots/ft) 

Y = 2770 

Y = 0 deg/m (0 d e g / f t )  

h0 = 1625 m (5330 f t )  

Bs = 1 0   p e r c e n t  

Bd = 5 p e r c e n t  

The en route m e t e r i n g  errors  p r e s e n t e d   i n   t a b l e  6 a re  u s e d   i n   t h e  determi- 
n a t i o n  of t h e  20-min and 5-min f l ight-plan-message times. The f i r s t  t w o  e r r o r s  
correspond t o  t h e  u n c e r t a i n t i e s   i n   t h e   e s t i m a t e d  times of a r r i v a l .  When a min- 
i m u m  s e p a r a t i o n  is called for   between t h e  20-min and 5-min f l i gh t -p l an   messages ,  
t h e  e n   r o u t e   s e p a r a t i o n - t i m e  error cor responds  t o  a v a r i a t i o n   i n   t h e   i n t e r -  
a r r i v a l   s e p a r a t i o n  time compared t o  t h e  minimum r e q u i r e d .  

TABLE 6.- EN ROUTE  METERING ERRORS 

Errora I 10 v a l u e ,  sec I 
A r r i v a l - t i m e  error 

20  min  from f i x  

A r r i v a l - t i m e  error 
5 min f r o m   f i x  

30 

1 5  

En r o u t e   e n t r a i l  2.5 
s e p a r a t i o n  error 

a D e t e r m i n e d   o n c e   f o r   e a c h   a i r c r a f t .  
__. 

T h e   s u r v e i l l a n c e  errors p r e s e n t e d   i n  table 7 are used t o  s i m u l a t e   t h e  
d i f f e r e n c e   b e t w e e n   t h e   a c t u a l   p o s i t i o n   o f   a n  a i r c ra f t  and  the  radar   measurement  
of t h e   p o s i t i o n .   T h e  error v a l u e s  are r e d e t e r m i n e d   f o r   e a c h   a i r c r a f t   o n   e a c h  
s i m u l a t e d  radar scan .  
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The d e t e r m i n a t i o n   o f   a n   a i r c r a f t ' s   a c t u a l   f i n a l - a p p r o a c h   a n d   t o u c h d o w n  
s p e e d s  is based   on   the  a i r c ra f t ' s  g r o s s   l a n d i n g   w e i g h t .   S i n c e   w e i g h t  is r e l a t e d  
to  t h e   l o a d   f a c t o r   o f   t h e  a i rc raf t ,  t h e r e   e x i s t s  a f u n c t i o n a l   r e l a t i o n   b e t w e e n  
f i n a l   s p e e d s   a n d  load factor. By u s i n g   t h i s   r e l a t i o n ,   t h e  TAATM a i r c r a f t   f i n a l -  
approach  and  touchdown  speeds are de termined   us ing  a mean l o a d   f a c t o r  of 50 per -  
cen t   and  a s t a n d a r d   d e v i a t i o n   o f   1 5   p e r c e n t .   T h e   l o a d   f a c t o r   f o r  a p a r t i c u l a r  
a i r c r a f t  i s  determined  based  on a n o r m a l   d i s t r i b u t i o n   w h i c h  i s  bounded by 1 0  
and   100   percent .   I f  a l o a d   f a c t o r  is computed   ou ts ide   these   bounds  a new l o a d  
factor is recomputed.   The  factor   chosen  for  a p a r t i c u l a r  a i r c ra f t  remains  con- 
s t a n t   o v e r   t h e   d u r a t i o n   o f  i ts  f l i g h t .   F o r   t h e   p u r p o s e   o f   e s t i m a t i n g  times of 
a r r i v a l ,   t h e   c o n t r o l   l o g i c  assumes a c o n s t a n t   5 0 - p e r c e n t   l o a d   f a c t o r   f o r  a l l  
a i r c r a f t .  

TABU 7.- SURVEILLANCE ERRORS 

Errora 1 0 v a l u e  

Range 

Azimuth 

Mode C a l t i t u d e  

79.2 m (260.0 f t )  

0.25O 

12.5 m (41 .O f t )  

a D e t e r m i n e d   e a c h   s c a n   f o r   e a c h   a i r c r a f t  
p o s i t i o n   u p d a t e .  

5.0 IDENTIFIED LIMITATIONS AND CONSTRAINTS  OF  THE 

TESTED  FIXED-PATH M & S SYSTEM 

Dur ing   the  M & S s t u d y   s e v e r a l   l i m i t a t i o n s   a n d   c o n s t r a i n t s   o n  
were i d e n t i f i e d   w h i c h   a r e   f u n c t i o n s  of the   t e rmina l   geometry   used ,  

t h e   s y s t e m  
the   p roce-  

d u r e s   f o r   s e p a r a t i n g   a i r c r a f t ,   a n d   t h e   s e q u e n c i n g   a n d   s c h e d u l i n g   c o n t r o l   a l g o -  
rithm. The f o l l c w i n g   d i s c u s s i o n   a n a l y z e s   t h e   e f f e c t s  of t h e s e   l i m i t a t i o n s   a n d  
c o n s t r a i n t s   o n   t h e   o p e r a t i o n   o f   t h e   e x p e r i m e n t a l l y   t e s t e d  M & S system.  Within 
the   bounds   o f   th i s   s tudy ,   however ,  no a t t e m p t  was  made t o  remove  them  from  the 
system. 

5.1 Geometry   Cons t ra in ts  

The t e r m i n a l   g e o m e t r y   d e s c r i b e d   i n   s e c t i o n   2 . 0   i n c l u d e s   t h e   s t r a i g h t - i n  
BYERS approach route. Un l ike   t he   r ema in ing  routes, t h e   c o n t r o l l a b i l i t y  
a v a i l a b l e   o n   t h i s  route d o e s   n o t   i n c l u d e   t h e   t w o - t u r n  DICE p r i o r  t o  f i n a l  
approach. The two-turn D I C E  p rov ides   t he   advan tages   o f   pa th   sho r t en ing   and  
p a t h   s t r e t c h i n g  to a d j u s t  to  an   ass igned  S"?2 c l o s e - i n  t o  t h e  OM. I t  is also 
capable  of  accommodating SKT s c h e d u l e   s l i p p a g e s .   I n   c o n t r a s t ,   t h e   c o n t r o l -  
l a b i l i t y   o n   t h e  BYE% approach   i nc ludes  a p a t h - s t r e t c h i n g  vector which is o n l y  
used as a back-up  to  its s p e e d - c o n t r o l   c a p a b i l i t y .  The d e c i s i o n  t o  i n i t i a t e  
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the  vector  occurs  only once on the approach route,  at  the  final  speed-control 
point.  If an a i r c ra f t  passes t h i s  speed-control  point  without  initiating a 
vector,   further  controllabil i ty i s  not available  for  the  aircraft  and schedule 
slippages cannot be accommodated. To lessen  the impact of t h i s  constraint, 
the BYERS approach is  handled as a priority  route.  For t h i s  route, hold  assign- 
ments are  applied  prior  to  the f i x  only  after  resequencing  has  failed  to  resolve 
a separation problem. For a l l  other  routes, hold  assignments have pr ior i ty  over 
resequencing.  Additionally,  the en route  delay  threshold  for t h i s  route is s e t  
a t  60 sec  instead of the nominal 240 sec  applied  to  the  other  routes. The 
impact of these  differences i n  handling BYERS' a i r c ra f t  is t o  smooth the flow 
of a i r c ra f t  on t h i s  approach by forcing  larger and  more frequent en route  delays 
and by minimizing holds. 

5.2 Separ a t  ion-Procedur e L i m i t s  

The l imitations and constraints w i t h  respect  to  the procedures  for  separat- 
ing  a i rc raf t   cons is t  of the  following: ( 1 )  Separation is insured  only on i n i -  
t i a l   a r r iva l   a t   the  I A F ' s  and  on f i n a l  approach; ( 2 )  the  schedule-slippage pro- 
cedure can s h i f t  a separation problem  from an a i r c r a f t  which has generated  the 
need for backward slippage  to an a i r c ra f t  behind w i t h  limited  delay  capability; 
(3) the ground rules  for  the assignment of holds can generate a cascade of holds 
result ing i n  excessive  separations; and ( 4 )  the  accumulation of a i r c ra f t  f l i g h t  
errors can generate a schedule-maintenance problem  which cannot be resolved by 
the system. The resu l t  is that  not all   separation  violations and gaps can be 
resolved by the M & S system studied. 

5.2.1 Common-path separation  violations.- Because separation is insured 
only on  an a i r c ra f t ' s   i n i t i a l   a r r iva l   a t   t he  I A F  and then  again on f ina l  
approach, separation  violations due t o  speed differences can occur between a 
pair of a i r c ra f t  on a common path. These violations  are  possible b u t  are   rare  
because they occur only under certain  circumstances  for  aircraft  pairs  exiting 
from holding  patterns and for   a i rcraf t   pairs  w i t h  large speed errors.  Because 
separation is insured on i n i t i a l   a r r i v a l   a t  an IN? and  on f ina l  approach and 
because the  speeds of the aircraft  are  decreasing  as  they approach the OM, 
a i r c ra f t  normally have excess  separation upon leaving  the I A F .  The separation 
distance then closes  gradually  to  the minimum required  separation  distance  at 
the OM due to  decreases i n  speeds. 

If a pair of a i r c ra f t   a r e  holding a t  the  f ix,  it is  possible  for  the 
schedule-maintenance log ic   to   re lease   the   f i r s t   a i rc raf t  assuming no speed- 
control  delay w i l l  be used i n  the  future   to   real ize   the SMT. The second a i r -  
c ra f t  can then be released  fran  the hold assuming speed-control  delay w i l l  be 
required. The r e su l t  is  a loss of separation j u s t  past  the f i x  u n t i l  the second 
aircraf t   receives  its speed-control  delay so that  the  separation  distance is 
increased. 

Consider,  for example, the LONGMONT approach.  (See f ig .  3.) Assume tha t  
a minimum required 3-n.mi. separation  distance between a pair of a i r c r a f t   a t  
the OM resu l t s  i n  a time separation of  82 sec. Assume also  that  the  delay 
achievable by using  speed  control is 62 sec  (i.e.,   the speed  delay for a B-737 
on LONGMONT approach). The schedule-maintenance logic  for  hold-exit  determi- 
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nation w i l l  permit t h e  second a i r c r a f t   t o  proceed past   the   f ix   i f  i ts needed 
delay can be achieved by using 70 percent  or  less of its speed-control  delay 
capabili ty i n  the  future. I n  other words, the  second a i r c r a f t  can exit   the f i x  
needing to  delay  for 43  sec i n  order t o  meet i t s  SMT. If  t h e  f i r s t   a i r c r a f t  
exited from the  hold  needing no delay,  then  the  pair of a i r c ra f t  i s  separated 
a t   t he   f i x  by approximately 39 sec.  If both a i rc raf t   l eave   the   f ix   a t  an 
indicated  airspeed of 21 0 knots and  an a l t i tude  of 4267 m (1 4 000 f t ) ,  the 
ground speed of each a i r c r a f t  is approximately 257 knots, assuming no winds 
are  present. With a separation  time of 39 sec,  the  separation  distance would 
be about 2.8 n.mi. The condition can therefore  exist  where the minimum 
3.0-n.mi. separation is not maintained  over  the entire  route.  

A loss  of separation between a pair of a i r c ra f t  can also  occur on a route 
because of large speed errors.  The speed-error model computes actual speeds 
attained by a i r c ra f t  which  can be faster  or slower than  the M & S requested 
speeds. The possibi l i ty   exis ts   that  a pair of a i r c ra f t  on the same approach 
route have large speed errors and are  scheduled t o  land  consecutively. Depend- 
i n g  on the magnitude of the errors,  and i f  the  speed of the f i r s t   a i r c r a f t  is 
slower than  desired and the speed of the second a i r c ra f t  is fas te r  than  desired, 
a loss of separation can occur before  the  control  logic is capable of recogniz- 
ing  and resolving  the problem. 

5.2.2 Schedule-slippage-procedure  limitations-.- Another type of  problem 
can ex is t  due to  the  schedule-slippage  procedure. T h i s  procedure is designed 
to   c lose gaps between a i r c ra f t  and resolve  possible  separation  violations  at 
the OM by adjusting SMT's without  performing any resequencing of a i rc raf t .  
T h i s  adjustment can consist of either a forward  or backward slippage of the 
SMl?'s to  resolve accumulated f l i g h t  errors.  Assume that  an a i r c ra f t  has accu- 
mulated f l i g h t  errors s u c h  that  SMT backward slippage is required because of 
the  a i rcraf t ' s   la te   es t imated time of a r r iva l   a t   t he  OM. Once backward slip- 
page has been accomplished for t h i s  a i r c r a f t ,   a l l   a i r c r a f t  behind m u s t  be 
examined i n  turn and schedules must  be slipped backward u n t i l  slippage is  no 
longer  necessary  or  cannot be realized  for a par t icular   a i rcraf t .  If the 
second case  occurs,  the  possibility can exis t   that  an a i r c ra f t  behind is penal- 
ized because of errors accumulated by the  a i rcraf t   in i t ia t ing  the  s l ippage.  
Separation  violations  occur  then between a pair of a i r c ra f t  which d i d  not gen- 
erate  the f l i g h t  error  requiring  the  slippage. T h i s  occurs  particularly when 
one of the  a i rcraf t  behind is on the B Y E S  approach and has already used  up its 
limited  delay  capability. 

5.2.3 Holding-procedure constraints.- I n  contrast   to  the  separation prob- 
lems mentioned previously,  the  holding  logic i s  capable of generating  separation 
gaps i n  t he   t r a f f i c  flaw on a single approach route. T h i s  occurs because of 
the  severe  constraints of the ground rules  associated w i t h  the assignment of 
holds. A s  stated  previously,  the ground rules  consist of the  following: 

1 .  Any a i r c r a f t  which has previously been advised to   an t ic ipa te  a hold w i l l  
i n  fac t  be required  to  hold, even i f  t he   t r a f f i c  environment  changes pr ior   to  
the a i r c ra f t  reaching  the f i x .  
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2. Hold assignments can occur during  the 5-min flight-plan message action, 
a t  radar  acquisition,  at t h e  control  action j u s t  prior  to  the  holding f i x ,  and 
during  the  hold-exit  determination. 

3 .  An automatic  hold is assigned  to an a i r c ra f t  i f  the   a i rcraf t  ahead 
(assigned  to  the same holding f ix )  i s  holding  or  anticipating a hold. 

4.  A hold is assigned i f  the  delay  required is i n  excess of 70 percent of 
the  speed-control  delay  capability. 

Values for 70 percent of the  speed-control  delay  capability  for  the  four 
arrival  routes  for a B-737 are  presented i n  the  following list: 

BYE= ar r iva l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -46  sec 
LONGMONT a r r iva l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  -43 sec 
SHAWNEF: a r r iva l  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -73 sec 
ELIZABETH a r r iva l  . . . . . . . . . . . . . . . . . . . . . . . . . . .  -46  sec 

Therefore, i f  a B-737 on the LONGMONT approach requires a delay of greater  than 
43 sec  prior  to  the  holding f i x ,  the a i r c ra f t  w i l l  be required  to  hold. A 
single hold for one a i r c ra f t  can then  generate a cascade of holds  for a l l   a i r -  
c r a f t  behind i t  which are proceeding t o  the f i x .  Resolution of the  holds 
requires a suff ic ient  break i n  the   t ra f f ic  flow to  the f i x  such that  the  holding 
stack is  cleared  before  another  aircraft is  offered  into  the  active  traffic  for 
that  same f i x .  A minimum hold for a B-737 requires  approximately 3 min depend- 
ing on the  alt i tude  at  which the hold is  executed. If the  aircraft   requires 
a delay of 50 sec, an excess  delay of approximately 130 sec is actually  achieved. 
I t  should be noted, however, that  resequencing can occur  such that  the gaps can 
be used by a i r c ra f t  on other  approach  routes. 

5.2.4 Limited-delay-option  specification. - Another l imitat ion  exis ts  w i t h i n  
the  experimentally implemented M & S system because the  specified  delay  options 
a re   f in i te .  Depending on the magnitude of the f l i g h t  errors,   the  traffic  load, 
and the  delay  capability,  the  possibility  exists  that an a i r c r a f t   a t  a control- 
action  point  after  the h o l d i n g  f i x  does  not have adequate  delay  capability 
remaining to  achieve i ts  SMT. The resulting  individual-aircraft  error may or 
may not, however, resu l t  i n  separation  error depending on the  relative  error 
between a i rc raf t   pa i r s .  Following  each control  action performed, a separation 
error  predicted  at  the OM is calculated  for   a l l   a i rcraf t   pairs  w i t h i n  the  termi- 
nal  area. If an a i r c r a f t ’ s  SMT is either  early w i t h  respect  to its calculated 
minimum ETA or l a t e  w i t h  respect  to its calculated maximum ETA, a potential  
separation  error  for  the  aircraft   exists.  By comparing the  potential  separation 
errors between an a i rc raf t   pa i r ,  a predicted  separation  error can be calculated. 
I f  the  predicted  error  indicates a potential   loss of separation,  the  desired 
a i r c ra f t  delay to  resolve  the problem is displayed on the  simulated  radar d is -  
play. The simulation  run, however, proceeds and the assumption is  made tha t  
the problem w i l l  be resolved by  human intervention  or by M ti S resequencing  or 
rescheduling i n  the  future. 
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5 . 3  L i m i t a t i o n s  of the   Schedu l ing   A lgor i thms  

Two i m p o r t a n t   l i m i t a t i o n s   h a v e   b e e n   i d e n t i f i e d   w i t h i n   t h e   c o n t r o l   a l g o -  
rithms conce rn ing   s chedu l ing .  The f i r s t  is  t h a t   t h e  knowledge  of   the  delay 
c a p a b i l i t y   u s e d  by t h e   s c h e d u l i n g   a n d   s e q u e n c i n g   l o g i c  is l i m i t e d  t o  a s i n g l e  
p a i r   o f  minimum and maximum a n t i c i p a t e d  ETA'S a t  t h e  OM for a g i v e n  a i r c ra f t .  
The  second is t h a t   t h e   e n  route m e t e r i n g   f u n c t i o n  is performed  independent  of 
the   t e rmina l   s equenc ing   and   s chedu l ing   a lgo r i thm.  

The f i r s t   c o n t r o l   l i m i t a t i o n  is a r e s u l t   o f   t h e   t y p e s  of ETA i n f o r m a t i o n  
made a v a i l a b l e  t o  the   s chedu l ing   a lgo r i thm.   The   a lgo r i thm  fo r   a s s ign ing   an  SMT 
a t t e m p t s  t o  bound t h e  SMT by a minimum and maxium p o s s i b l e  ETA a t   t h e  OM f o r  
a g iven  a i r c ra f t .  These   bounds   represent   the  SMT l i m i t a t i o n s   w h i c h  a re  assumed 
a t  a g i v e n   c o n t r o l - a c t i o n   p o i n t  for t h e   r e a l i z a t i o n  of a n  SMT. The time d i f -  
fe rence   be tween  the  t w o  ETA' s ,   however ,   does   no t   necessa r i ly   r e f l ec t   t he  to ta l  
c o n t r o l l a b i l i t y   a v a i l a b l e   f o r   t h e   a i r c r a f t   o n   t h e   e n t i r e   p a t h .  N o  a d d i t i o n a l  
i n f o r m a t i o n  is p r e s e n t e d  t o  t h e  s c h e d u l i n g   a l g o r i t h m   t h a t   d e s c r i b e s   a c h i e v a b l e  
ETA's w i t h   p a t h   s h o r t e n i n g  or s t r e t c h i n g .  The r e s u l t  is tha t   s equenc ing   and  
r e s e q u e n c i n g   d e c i s i o n s   a r e  made f o r   t h e   a i r c r a f t   w i t h o u t  a complete knowledge 
of t h e   c o n t r o l l a b i l i t y   o f   t h e   a i r c r a f t .   I f  SMT assignments   cannot   be made 
wi th in   t he   nomina l  ETA b o u n d s ,   t h i s   a d d i t i o n a l   i n f o r m a t i o n   c o u l d  be used t o  more 
r e a l i s t i c a l l y   r e s o l v e   t h e   p r o b l e m .  

W i t h i n   t h e   c o n s t r a i n t s   o f  a f i x e d - p a t h   s p e e d - c o n t r o l  M 6r S p h i l o s o p h y ,   t h i s  
s c h e d u l i n g   p r o c e d u r e   p l a c e s   h i g h e s t   p r i o r i t y   o n   t h e   r e a l i z a t i o n  of SMT's by 
s p e e d   c o n t r o l   w i t h  a s e c o n d a r y   p r i o r i t y   o n   h o l d i n g   a i r c r a f t   a n d   r e s e q u e n c i n g  
SMT's. V e c t o r i n g  is  used by the   schedule-main tenance   a lgor i thm  only  as a backup 
o p t i o n  t o  r e a l i z e   a n  SMT, b u t   t h e   s c h e d u l e r   d o e s   n o t   a s s i g n  SMT's w i t h   t h e  
a s s u m p t i o n   t h a t   v e c t o r i n g  w i l l  be u s e d .   I f   t h e   s c h e d u l e r  was g i v e n  more know- 
l e d g e   o f   t h e   c o n t r o l l a b i l i t y   w h i c h   c o u l d  be achieved  by p a t h   s h o r t e n i n g   a n d  
s t r e t c h i n g ,   s p e e d   c o n t r o l   c o u l d  s t i l l  be g i v e n   h i g h e s t   p r i o r i t y   b u t   t h e   s e c o n d -  
a r y   p r i o r i t y  would  be  placed  on  path  changes  ra ther   than  holding  and  resequenc-  
ing .   Wi th   th i s   change ,   the   p roblems  genera ted  by h o l d i n g   a i r c r a f t   c o u l d   b e  
reduced,   but  more vec tor ing   would  occur w i t h i n   t h e   t e r m i n a l   a r e a .  

A s e v e r e   c o n s t r a i n t  of t h e   s t u d i e d  M 6r S c o n t r o l   p h i l o s o p h y  is t h a t   t h e  
schedu l ing   a lgo r i thm  fo r   pe r fo rming   en  route m e t e r i n g  i s  no t   coup led  t o  t h e  
t e rmina l   s chedu l ing   a lgo r i thm.  The e n   r o u t e   m e t e r i n g   f u n c t i o n  is des igned  to  
r e g u l a t e   t h e   f l a w   o f   a i r c r a f t   i n t o   t h e   t e r m i n a l   a r e a   b u t  does n o t   r e c o g n i z e   t h e  
dynamica l ly   chang ing   env i ronmen t   w i th in   t he   t e rmina l  area. En route d e l a y s  
are  ass igned   based   on  a s c h e d u l i n g   a l g o r i t h m   w h i c h   d i f f e r s  from t h e   t e r m i n a l  
s c h e d u l e r   i n   t h e   f o l l o w i n g  t w o  ways: ( 1 )  The t e rmina l   s chedu le r   pe r fo rms  
sequencing  based  on a p r o j e c t e d   f i r s t - c o m e - f i r s t - s e r v e - a t - t h e - r u n w a y   p r i n c i p l e  
whereas   the   en  route s c h e d u l e r   s i m p l y   a s s i g n s  a f i r s t - i n - f i r s t - o u t   o r d e r ,   a n d  
( 2 )  t he   en   rou te   s chedu le r   does   no t   u se   t he   dynamica l ly   upda ted  ETA informat ion  
a v a i l a b l e  t o  t h e   t e r m i n a l   s c h e d u l e r .  The r e s u l t  is  t h a t   l a r g e   d e l a y s   i n   t h e  
form  of  holds or v e c t o r i n g  a re  s t i l l  n e c e s s a r y   w i t h i n   t h e   t e r m i n a l   a r e a   e v e n  
though  en route de lays   have   been   ass igned .   I f ,   however ,   the   en   rou te   schedul ing  
a l g o r i t h m  was coup led   w i th   t he   t e rmina l   a lgo r i thm,   po ten t i a l   p rob lems   w i th in  
t h e   t e r m i n a l   a r e a   c o u l d  be a n t i c i p a t e d  more a c c u r a t e l y   i n   t h e   e n  route area and 
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en route  delays  could be assigned  accordingly. Gross delays  could  therefore be 
absorbed a t  the  higher, more fuel-efficient  altitudes.  Results discussed i n  
section 6.2 support t h i s  view. 

6.0 FAST-TIME STUDIES 

The primary goals of t h i s  study were to  evaluate a particular  fixed-path 
metering and spacing (M & S) system,  described i n  section 2.0, and t o  determine 
i f  the M & S ' s  delivery performance was improved by u s i n g  the microwave landing 
system (MLS) instead of the VOR/DME as  the RNAV data  source  during  approach, 
fine-tuning, and D I C E  directed maneuvers. Both ?40° and +60° MLS were evaluated. 
Each a i r c ra f t  was assumed t o  be equipped w i t h  a skip-waypoint,  two-dimensional 
RNAV system operated  as  discussed i n  sections 3.3.3.4 and 3.6.2. Data collected 
from fast-time  (batch)  runs of the  canputerized  Terminal Area Air Traff ic  Model 
(TAATM) were used as a basis  for  evaluation. The data  are  analyzed and plotted 
i n  t h i s  section. 

6.1 Performance Criterion and Data Canbination 

The aircraft  interarrival-error  standard  deviation  at  the  outer marker is 
the  primary c r i te r ion  of performance evaluation and indicates  the  variation i n  
interarrival  error achieved by a system. Interarrival  error is the  difference 
between real ized  a i rcraf t   in terarr ival  time and that  of the  expected interar- 
r ival  time obtained  fran  the  scheduled  times between succeeding a i rc raf t   pa i r s .  
(See eq. ( A l l  ) i n  appendix A.) T h i s  measure t ranslates  the errors of the M h S 
system i n  meeting its time objective  into an indication of system separation 
performance, which i s  more closely  related  to ATC safety  than  the  actual  arrival 
errors.  For instance, i f  a l l   a i r c r a f t  were to arrive w i t h  sizable time errors ,  
b u t  of the same magnitude and direction, then interarrival  separation is st i l l  
maintained. Another a t t ract ive  feature  of the measure is that  i t  is theoret- 
i ca l ly  independent of arr ival   ra te .  Time errors  are determined from each a i r -  
c r a f t ' s  own specific  schedule time t o  which the system is working t o  meet. 
With in  limits, as  the  arrival  rate  increases,  the  interval between scheduled 
times decreases b u t  the dynamics of meeting  each a i r c r a f t ' s  time objective 
remains the same. Therefore,  results of separate  data  runs of the same system, 
even w i t h  d i f ferent   arr ival   ra tes ,  can be canbined to  obtain an  improved pooled 
estimate of the  variance of the system under s tudy .  

Arrival-only  traffic was used to  increase  the number  of in te rar r iva l  times 
for  data  analysis  purposes. An estimate of the system interarrival-error  stand- 
ard  deviation was obtained  fran a s e t  of data  runs w i t h  a l l  parameters  except 
a r r iva l   ra te  held  constant. A data  set  consisted of 2 separate  runs  for each 
of the  arrival-rate samples of 25,  30,  35, and 40 a i r c ra f t  per hour. Each  of 
the 8 runs i n  a data  set  mntained 2 hr  of steady-state, outer-marker inter-  
arrival  data. A canbined  pooled estimate  for  the  data-set  variance was used 
t o  measure the system interarrival-error  variance. If k samples from a popu- 
la t ion having a common variance  are  available  for  estimating  the  variance,  the 
pooled estimate so2 is defined by the  following: 

I 
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where s k 2  is t h e  sample-run var iance   and  nk is t h e  number  of d a t a   p o i n t s  
for t h e   k t h  sample. The pooled estimate o f   s t a n d a r d   d e v i a t i o n  is simply so. 

6.2  Approach  Navigation 

6.2.1 g e n e r a l  M & S performance . -   F igure   14   shows  the  fast-time values   o f  
t h e   i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   f o r   v a r i o u s   f i n a l - a p p r o a c h   n a v i g a t i o n  
systems.  The f igu re   shows  a s t a n d a r d   d e v i a t i o n   i n   t h e   r a n g e   o f  7.5 t o  1 0  sec 
depend ing   on   t he   pa r t i cu la r   app roach   nav iga t ion   u sed .   Cur ren t   manua l  ATC pro- 
cedures   no rma l ly   ach ieve   va lues   i n   t he   o rde r  of 1 8  t o  21 sec (ref. 12) .   Thus  
t h e   r e l a t i v e l y   f i x e d - p a t h ,   s p e e d - c o n t r o l  M & S sys tem  s tud ied   gave   reduced  
i n s t r u m e n t   f l i g h t  rule  ( I F R )   d e l i v e r y   d i s p e r s i o n s   i n   c o m p a r i s o n   w i t h   t o d a y ' s  
manua l   vec to r ing   and   y i e lded   r e su l t s   canpa rab le  t o  M & S systems  employing  only 
v e c t o r i n g .  

6 .2 .2   Tota l -geametry   per formance . -   For   the   t e rmina l  route geomet ry   s tud ied ,  
f i g u r e   1 4  shows comparison of t h e   o v e r a l l   d e l i v e r y   p e r f o r m a n c e  of t h e  M & S 
sys t em  us ing   va r ious   approach   nav iga t ion   sys t ems .   The re  is n o   s t a t i s t i c a l l y  
s i g n i f i c a n t   d i f f e r e n c e   b e t w e e n   t h e   p e r f o r m a n c e   o f   t h e  ?40° MLS sys t em  and   t ha t  
of t h e  ?60° MLS system. Use o f   t h e   e q u a l - t a i l s   F - t e s t  a t  t h e   1 - p e r c e n t   l e v e l  
of s i g n i f i c a n c e   i n d i c a t e s   t h e r e  is a d i f f e r e n c e   i n   t h e   d e l i v e r y   p e r f o r m a n c e s  
between  using VOR/DME and ILS and  using MLS as t h e   f i n a l - a p p r o a c h   n a v i g a t i o n  
s y s t e m .   A l t h o u g h   s t a t i s t i c a l l y   d i f f e r e n t ,   t h e   s t a n d a r d - d e v i a t i o n   d e c r e a s e  
from  9.2 to  7 .9  sec shows t h a t  MLS o f f e r s   o n l y  a s l i g h t   i m p r o v e m e n t   i n   s y s t e m  
d e l i v e r y   p r e c i s i o n   o v e r  VOR/DME and  ILS for t h e  particular M & S and   t e rmina l  
rou te   geane t ry   u sed .  

6.2.3 R o u t e  e f f e c t . -  The to ta l -geometry   sys tem  per formance   d i scussed  pre- 
v i o u s l y  is due t o  t h e   i n t e r a c t i o n  of two types   o f   app roach   rou te s .  I t  i s  
d e s i r a b l e  t o  separate and assess t h e   i n d i v i d u a l   p e r f o r m a n c e s   o f   t h e   s t r a i g h t - i n  
routes as well as t h e   o t h e r   t h r e e  routes, a l l  of  which u s e  t w o  D I C E  t u r n s  t o  
supplement   the   t ime-cont ro l -by-speed   ins t ruc t ions .   F igures   15   and   16  i l l u s -  
t r a t e  t w o  t y p e s   o f   t r a f f i c  samples which were r u n   w i t h   t h a t   e n d   i n  mind. One 
s a m p l e   c o n t a i n s   o n l y   s t r a i g h t - i n   t r a f f i c   a n d   t h e   o t h e r   c o n t a i n s  no s t r a i g h t - i n  
t r a f f i c .  F i g u r e   1 7   i n d i c a t e s   t h e   i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   d e l i v e r y  
performance for the   f i na l - approach   nav iga t ion   sys t em  eva lua ted  for t h e  two t y p e s  
of t r a f f i c  samples. T h e   F - t e s t   a t   t h e   1 - p e r c e n t   l e v e l   o f   s i g n i f i c a n c e   s h o w s  
t h a t   t h e  two-DICE-turn r o u t e  is worse t h a n   t h a t   f o r   t h e  a l l  s t r a i g h t - i n   t r a f f i c  
when t h e  VOR/DME and ILS sys tem is used for approach   nav iga t ion .  When t h e  
MLS system is used,  the  DICE-turn routes y i e l d  a r educ t ion   o f   abou t   1 .5  sec i n  
t h e   i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   c a n p a r e d   w i t h   t h a t   f r a n   t h e   a l l  
s t r a i g h t - i n  route. 

F i g u r e   1 7  also i n d i c a t e s   t h a t   i f   t h e r e   h a d   n o t   b e e n  a s t r a i g h t - i n   r o u t e  
i n   t h e   g e o m e t r y   b u t   i n s t e a d   o n l y   r o u t e s   u s i n g  two DICE t u r n s ,   t h e n   t h e  VOR/DME 
and ILS and MLS d e l i v e r y - p e r f o r m a n c e   d i f f e r e n c e   w o u l d   b e   l a r g e r   t h a n   t h a t  for 
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Figure 1 4 . -  In terarr iva l   de l ivery   prec i s ion   for   var ious   f ina l -approach  
navigat ion  systems.  Wind error of 10-percent  strength and 5-percent 
d irec t ion .   Conf idence   in terva l  of 95 percent   for   va lues  shown. 
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Figure 15.-  Traff ic  flow for 30 a i r c r a f t  per hour data sample w i t h  a l l  
t r a f f i c  on straight-in  route.  Final-approach  navigation w i t h  
?60° MLS. 
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Figure 16.- Traff ic  flaw for 30 a i r c ra f t  per hour data sample w i t h  
a l l   t r a f f i c  on  DICE-turn routes.  Final approach  navigation 
w i t h  &60° MLS . 
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Figure 17.-  Route delivery  characterist ics.   Interarrival  delivery  precision 
for all-DICE-turn t r a f f i c  and for  al l-straight-in  traffic.  N o  wind error ;  
95 percent  confidence  interval  for  values shown. 
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t he   t o t a l -geomet ry  case. With   a l l -DICE-turn   rou tes ,   the  VOR/DME and ILS 
i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n  is 8.5 sec, w h e r e a s   t h e  MLS is 5.9 sec. 
So for   the   a l l -DICE-turn  case, t h e  improved p a t h - f o l l o w i n g   c a p a b i l i t y   o f   t h e  MLS 
s y s t e m   e n a b l e s   t h e  M & S system to  make b e t t e r  u s e  of t h e   f i n e - t u n i n g   p o t e n t i a l  
of D I C E  maneuvers. 

As would be e x p e c t e d ,   t h e r e  was n o   s i g n i f i c a n t   d i f f e r e n c e  among t h e  
a p p r o a c h   n a v i g a t i o n   s y s t e m s   s t u d i e d  when t h e   t r a f f i c  was a l l  s t r a i g h t - i n .  Also, 
t h e r e  was n o   s i g n i f i c a n t   d i f f e r e n c e   b e t w e e n   t h e  +60° and +40° MLS s y s t e m s   f o r  
e i t h e r   t h e   a l l - s t r a i g h t - i n  or the   a l l -DICE-turn t r a f f i c  sample. 

6.2.4 Summary of f ina l -approach   navigakion   compar ison . -   In   genera l ,  for t h e  
pa r t i cu la r   g round-based ,   f i xed -pa th   speed-con t ro l  M & S s y s t e m   e v a l u a t e d ,   i f  
t h e   r o u t e   s t r u c t u r e   c o n t a i n s  a m i x t u r e  of DICE-turn r o u t e s   a n d   s t r a i g h t - i n  
routes, then MLS o f f e r s   o n l y  a s l i g h t  improvement  over VOR/DME and  ILS i n   t h e  
i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   p e r f o r m a n c e .  If t h e   r o u t e s  all c o n t a i n  
two D I C E  t u r n s ,   t h e n   t h e  VOR/DME and MLS improvement  over VOR/DME and I L S  
is more s u b s t a n t i a l ,   t a k i n g   2 . 6  sec o f f  of t h e   a l r e a d y   f a i r l y  low 8.5-sec 
i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   f o r   t h e   c o m b i n e d  VOR/DME and  ILS M & S 
system. For a geometry w i t h  o n l y  two-DICE-turn f i n a l - a p p r o a c h  routes, t h e  
improved   pa th- fo l lowing   capabi l i ty   o f   the  MLS sys t em  ove r   t ha t  of a c o n v e n t i o n a l  
VOR/DME and ILS sys tem  enables  t h e  M & S con t ro l   sys t em to  u t i l i z e  some of t h e  
f i n e - t u n i n g   p o t e n t i a l   o f   t h e  two D I C E  t u r n s .  For t h e  M & S system s tud ied ,  we 
c a n   a l s o   s a y   t h a t  wider coverage ?60° MLS sys tem  appears  t o  offer no time- 
d e l i v e r y   p r e c i s i o n   o v e r   t h e  basic ?4O0 MLS s y s t e m   r e g a r d l e s s   o f   t h e   a r r i v a l -  
route geometry. 

6 .3   Wind-Error   Effects  

With  the  +60° M I S  f i na l - approach   nav iga t ion   sys t em as a b a s i s  for c m p a r i -  
son,  runs  were made u s i n g  three wind   cond i t ions  to  e v a l u a t e   w i n d - e r r o r   i n f l u e n c e  
on t h i s  p a r t i c u l a r   f i x e d - p a t h  M & S system. The three s t e a d y - s t a t e  wind condi- 
t i o n s  were: ( 1 )  10-percent  error i n  wind   s t rength   and  5 p e r c e n t  error i n  direc- 
t i o n ;  (2) no e r r o r   i n   s t r e n g t h  or d i r e c t i o n ;  and  (3)  -1 0 p e r c e n t   e r r o r   i n   w i n d  
s t r e n g t h   a n d  -5 p e r c e n t   e r r o r   i n   d i r e c t i o n .  The r e f e r e n c e   s t e a d y - s t a t e   w i n d  
a t  g round   l eve l  was 7 .92   kno t s   a t  277O ( t r u e   n o r t h )   w i t h  a l i n e a r   i n c r e a s e   i n  
s t r e n g t h  of 2.37 k n o t s  per 305 m (1 000 f t )  . F i g u r e  1 8  shows t h a t   f o r   t h e   r a n g e  
of wind errors c o n s i d e r e d ,   t h e   i n t e r a r r i v a l  error s t a n d a r d   d e v i a t i o n  is n o t  
s i g n i f i c a n t l y   c h a n g e d .  The dynamic  schedule   adjustment ,   which w o r k s  t o  elimi- 
n a t e   i n t e r a r r i v a l   s p a c i n g   v i o l a t i o n s ,  is r e s p o n s i b l e   f o r   k e e p i n g   w i n d   e f f e c t s  
from b u i l d i n g  up. 

6 .4   Tentat ive-Schedule   Point  

The meter ing  time used t o  d e t e r m i n e   i f   e n  route d e l a y  w i l l  be a p p l i e d  to  
r e g u l a t e   t h e   t r a f f i c  flow is a c t u a l l y   n o t   u s e d  by t h e   t e r m i n a l   s c h e d u l e r  of t h e  
M & S sys t em  s tud ied .   Thus   t he   me te r ing  is e f f e c t i v e l y   u n c o u p l e d  from t h e  
t e rmina l   s equenc ing   and   spac ing .  The  +60° MLS system was used as a b a s i s  of 
comparison t o  de termine  the  e f f e c t   o f  moving t h e   t e r m i n a l   t e n t a t i v e - s c h e d u l e  
time from its normal 5 min to a r r i v a l   f i x .   T h e r e   a p p e a r s  to  be   no   d i sce rnab le  
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Figure 18.- Interarrival  delivery  precision  for  various wind-error conditions. 
Final-approach  navigation w i t h  ?60° MLS; confidence  interval of 95 percent 
for  values shown. 
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F i g u r e   1 9 . -   I n t e r a r r i v a l   d e l i v e r y   p r e c i s i o n  for v a r i o u s   t e n t a t i v e -  
schedule  times from a r r i v a l   f i x .   F i n a l - a p p r o a c h   n a v i g a t i o n  wi th  
&60° MLS; no  wind error;  m n f   i d e n c e   i n t e r v a l  of 95   pe rcen t  for 
v a l u e s  shown. 
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e f f e c t   o n   t h e   d e l i v e r y   p r e c i s i o n ,  as shown  by f i g u r e   1 9 .   T h i s  is because of 
t h e   r e s e q u e n c i n g   c a p a b i l i t y   a n d   t h e   d y n a m i c   s c h e d u l e   a d j u s t m e n t   w h i c h  are t r y i n g  
t o  e l i m i n a t e   i n t e r a r r i v a l   s p a c i n g   v i o l a t i o n s .  

A l t h o u g h   f i n a l   d e l i v e r y   p e r f o r m a n c e  is n o t   a f f e c t e d ,   t h e  impact o n   t h e  
a v e r a g e   f l i g h t  time f rcm t h e  perimeter o f   t h e   t e r m i n a l  to t h e   o u t e r  marker i s  
s i g n i f i c a n t .   F i g u r e  20  shows t h a t   t h e   a v e r a g e  time o f   f l i g h t   f r o m   t h e   t e r m i n a l  
perimeter i s  reduced  from 29.1 min t o  19.4  min by moving t h e   t e n t a t i v e   s e q u e n c -  
i n g  time fran 5 min fran t h e   p r o j e c t e d   a r r i v a l   ( m e t e r i n g )   f i x  time to 1 9  min. 
A s  f i g u r e  21 s h o w s ,   t h e   a r r i v a l - f i x   h o l d i n g - s t a c k   d e l a y  time d e c r e a s e s  as t h e  
time i n t e r v a l   b e t w e e n   t h e   t e r m i n a l   t e n t a t i v e - s c h e d u l e  time a n d   t h e   m e t e r i n g   f i x  
is i n c r e a s e d .   F i g u r e s  22 and  23 i l l u s t r a t e  t h i s   e f f e c t   o n   t h e   h o l d i n g  stack 
for i d e n t i c a l   t r a f f i c  samples. 

A n a l y s i s   i n d i c a t e s   t h e   a v e r a g e   a i r c r a f t   f l i g h t   d u r a t i o n s   f r o m   t h e  20-min 
ETA a t   t h e   m e t e r i n g   f i x  t o  runway  touchdown are a l l  a b o u t  equal f o r   t h e   v a r i o u s  
t e n t a t i v e - s c h e d u l e   p i n t   r u n s  made. C l e a r l y ,   t h e  closer t h e   t e n t a t i v e - s c h e d u l e  
time is made t o  t h e   e n   r o u t e   m e t e r i n g  time, t h e  closer we approach a coupled 
meter ing   and   schedul ing   sys tem.   Therefore ,  we can   conc lude   t ha t  more o f   t h e  
d e l a y   f o r  a g i v e n   t r a f f i c   a r r i v a l  ra te  is t a k e n  a t  t h e  more f u e l - e f f i c i e n t  
higher   en route a l t i t u d e   a n d  less  is taken a t  t h e   a r r i v a l - f i x   h o l d i n g   s t a c k  if 
t h e   m e t e r i n g   a n d   s c h e d u l i n g  are coupled when both  are t ime-based  systems.   This  
c o u p l i n g   s h o u l d   d e f i n i t e l y  be i n c o r p o r a t e d   i n   t h e   d e s i g n  of a me te r ing   and  spac- 
i n g   s y s t e m   u s i n g   f u e l - e f f i c i e n t   p r o f i l e   d e s c e n t   p a t h s .  

I n   a d d i t i o n  t o  s a v i n g   f u e l ,   f u r t h e r   s a f e t y   b e n e f i t s  are ga ined  by reducing  
t h e   a v e r a g e   t e r m i n a l   f l i g h t  time. I f   d e l a y s  are t a k e n   e n   r o u t e ,   t h e  resul t  
i s  reduced   t e rmina l  area t r a f f i c   c o n g e s t i o n   a n d   c o n f l i c t  r i s k .  S i n c e   t h e  
t e r m i n a l  is t h e   f l i g h t   a r e a  o f   h e a v i e s t   p i l o t  w o r k  l o a d ,   a n y   r e d u c t i o n   i n   c o n -  
t ro l le r  d i rec ted   maneuvers  to d e l a y   a n d   s e q u e n c e   a i r c r a f t  i s  welcomed i n   t h e  
cockp i t .   Reduc ing   t he   t r a f f i c   vo lume   w i th in   t he   t e rmina l  allows more c o n t r o l l e r  
a t t e n t i o n  time per a i r c r a f t ,   t h u s   r e d u c i n g   c o n t r o l l e r  stress. Another   consider-  
a t i o n  is t h a t   h i g h e r   e n   r o u t e   r a t h e r   t h a n   t e r m i n a l   d e l a y   r e d u c e s   t h e   i n t e r a c t i o n  
of h i g h   p e r f o r m a n c e   t r a f f i c   w i t h  lower f l y i n g   g e n e r a l - a v i a t i o n   v i s u a l   f l i g h t  
rules  (VE'R) t r a f f i c .  

7.0 REAL-TIME STUDIES 

The primary  purpose  of  conducting real-time p i lo t - in - the - loop   expe r imen t s  
was to  v e r i f y   a n d   d e m o n s t r a t e   t h e   f a s t - t i m e   r e s u l t s   u n d e r   r e p r e s e n t a t i v e   c o c k p i t  
wor k- load   condi t ions .  A s i m u l t a n e o u s   j o i n t   e x p e r i m e n t  was conducted t o  a l s o  
s t u d y   t h e   e f f e c t s  of f l i g h t - d e c k   s y s t e m s   o p e r a t i n g   i n   t h e  M & S environment 
( r e f .  1 3 ) .  T h i s   s i t u a t i o n   s u b j e c t e d   t h e   p i l o t  crew to a f u l l   r a n g e  o f   cockp i t  
t a s k s   f r o m   c r u i s e   d e s c e n t  to  runway  touchdown.   This   prevented  the crew, f o r  
e x a m p l e ,   f r a n   c o n c e n t r a t i n g   o n   m e e t i n g   d e l i v e r y  times a t  t h e  outer marker a t  
the   expense   o f  runway a l ignmen t   and   l and ing   p repa ra t ion .  
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20.- A v e r a g e   f l i g h t  time f rom  te rmina l   boundary   for   var ious  
t e n t a t i v e - s c h e d u l e  times from a r r i v a l   f i x .   F i n a l - a p p r o a c h  
n a v i g a t i o n   w i t h  ?6O0 MLS; no  wind error; 35 a i r c r a f t  per hour;  
c o n f i d e n c e   i n t e r v a l  of 95 p e r c e n t   f o r   v a l u e s  shown. 
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F igu re  21.- Average   ho ld ing-s tack   de lay  time f o r   v a r i o u s   t e n t a t i v e - s c h e d u l e  
times f r a n   a r r i v a l   f i x .   F i n a l - a p p r o a c h   n a v i g a t i o n   w i t h  ?60° MLS; no 
wind error;  35 a i r c r a f t  per hour ;   con f idence   i n t e rva l   o f  95 p e r c e n t   f o r  
Val ues s hown. 
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Figure 22.- Traff ic  flow for 3 5  a i r c r a f t  per hour data sample w i t h  
a 5-min-to-arrival-fix  tentative-schedule time. Final-approach 
navigation  with +60° MLS. 
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F i g u r e  23.-  T r a f f i c   f l a w   f o r  35 a i r c r a f t  per hour   da t a  sample w i t h  a 
19 -min - to -a r r iva l - f ix   t en t a t ive - schedu le  time. Fina l -approach  
n a v i g a t i o n   w i t h  +60° MLS. 

66 



The TCV 

7.1 Cockpit and Crew Considerations 

Aft F l i g h t  Deck Simulator was integrated wi th  the Termina 11 Area 
Air Traffic Model ( G T M )  as  described i n  section 3.5. A person  acting  as an 
a i r   t ra f f ic   cont ro l le r  working together w i t h  TAATM (see  section  3.6) provided 
an environment and ATC commands to  the  simulated  cockpit. The cockpit was 
treated by TAATM i n  the same  way as  software-generated aircraft   controlled i n  
the TAATM airspace. The task  assigned  to  the  research  pilots was t o  f l y  an 
assigned STAR (described i n  section 3.6.2) into  the  simulated Denver terminal 
area w i t h  the onboard RNAV system. The control-system  configuration used was 
a manual mode  made  up  of the  velocity control-wheel steering (VCWS) system and 
the  autothrottle system w i t h  the  pilot  required  to  fly and land the  a i rcraf t  
manually. The cockpit is equipped w i t h  a s e t  of electronic  att i tude  director 
indicator ( E A D I )  and electronic  horizontal  situation  indicator (EHSI) displays 
( re f .  9)  a t  both the pi lot  and copilot  positions. 

For each of the  experimental  conditions  studied,  the  equivalent of three 
complete twc-man professional  pilot crews were used.  Three NASA research  pilots 
were rotated  as  captain and f i r s t   o f f i c e r .  These pilots  are  the crew  members 
normally used for  TCV f l i g h t  experiments and therefore have considerable f l i g h t  
and simulator  experience w i t h  the TCV a f t  f l i g h t  deck system. 

7.2 Navigation and Route Factors 

A s  i n  the  fast-time  studies,  the  delivery performance of the ground-based, 
fixed-path  speed-control system u s i n g  VOR/DME and MLS was cmpared w i t h  the 
performance of t h i s  same system u s i n g  current VOR/DME and I L S .  Both *40° MLS 
and +60° MLS coverage were tested i n  real  time to  verify  fast-t ime  results on 
the  issue of whether wider coverage MLS provided any benefit. A s  noted i n  sec- 
tion 2.0, the  outer marker was  moved 2 n.mi. closer  to  the runway for  the MLS 
runs. I n  theory,  the MLS's navigation  precision  should  allaw  close-in runway- 
centerline  intercept  thereby  reducing  the  final-approach common path.  Later 
discussion of experimental resul ts  w i l l  indicate  that t h i s  gate  relocation may 
lead  to  real-world problems not originally  anticipated. 

For the  real-time  case,  time-of-arrival  errors  at  the  outer marker for  the 
TCV A f t  F l i g h t  Deck Simulator can be independently and direct ly  measured b u t  
the  interarrival-error measurement mus t  use a TAATM (real-time  version) gen- 
erated  aircraft  as the  "other"  aircraft  of a pair .  Since verification is the 
goal, it would be desirable  to  isolate  the  real-time TCV simulator  results from 
any TAATM fast-time  effects. I n  addition,  the  aircraft   interarrival-error dis-  
tributions  are not necessarily  equal  for  the  straight-in and  DICE-turn routes 
of the  geanetry shown i n  f igure 1 .  With t h i s  si tuation  there is a route  inter- 
action  effect i n  the  interarrival-error measurement  which, for  the  real-time 
single-aircraft  case, cannot be di rec t ly  measured i n  the same  manner as was done 
i n  the all-TAATM, multiple-aircraft  fast-time  data  runs. 

Appendix A de ta i l s  a procedure to  obtain a s t r i c t l y  real-time TCV simulator 
estimate of the  interarrival system  performance. The procedure  uses  the  piloted- 
cockpit  arrival-time-error  variances  at  the  outer marker for each  type of route 
to   calculate  an equivalent-system interarrival  delivery  value. I n  addi t ion  to  
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the  real-time  arrival-error  data,  the  procedure  required knowledge  of the  rela- 
tive  route  loadings, which €or t h i s  s t u d y  were 40  percent  €or  the  straight-in 
route and 60 percent  for  the DICE-turn route. T h i s  approach yields  the  inter- 
arrival  delivery  variance  or  standard  deviation which would be expected i f  the 
e n t i r e   t r a f f i c  sample was comprised of a i r c ra f t  having t h e  same delivery-error 
distribution  as  that  obtained from the  piloted-cockpit  real-time  data  runs. 
Consequently, direct  comparison w i t h  the  fast-time  interarrival-error  delivery 
precision is possible. 

Table 8 gives  the number  of ini t ia l   real- t ime TCV-simulator data  runs made 
for each  approach navigation system and type of approach route. Each of the 
three crews repeated a particular  experimental  condition  three times for a to ta l  
of nine  real-time  data  runs  for  that  situation. 

TABLE 8.- INITIAL REAL-TIME TCV AFT FLIGHT DECK SIMULATOR DATA RUNS 
- 

Number  of runs  for - 

DICE-turn Straight-in 
Navigation  system 

routes routes 

VOR/DME and ILS 
VOR/DME and +40° MLS 
VOR/DME and +60° M L S  

9 
9 
9 

I 9 
9 
9 

7 . 3  Real-Time Res u l  ts 

7 . 3 . 1  Initial  data  runs.-  Figure 2 4  gives a canparison of the  fast-time 
and real-time  interarrival-delivery-precision  results. Each  of the f i r s t   t h r e e  
real-time  cases shown represents a t o t a l  of 1 8  real-time  experimental  runs, 9 
of  which  were straight-in approaches and the  other 9 were DICE-turn approaches. 
When the  real-time  results of the  straight-in and  DICE-turn runs  are combined 
u s i n g  equation (A20)  of appendix A ,  one unfortunately  gets 8 degrees of freedom 
for  the  resultant  estimate of interarrival-error  standard  deviation. T h i s  pro- 
duces a fa i r ly   l a rge  confidence interval and less  discrimination between output 
resu l t s  from the  F-test  than i f  the  route  results could be direct ly  pooled w i t h  
1 6  degrees of freedom. Since  there were no s ta t i s t ica l ly   s ign i f icant   d i f fe r -  
ences between the  fast-time ?40° M I S  and ?60° MLS systems or between those 
systems i n  real  time,  the  real-time ?40° MLS and ?60° MLS were  combined to  get  
a larger sample to  represent  the MLS system. The f40° and +60° MLS resul ts  were 
p o l e d   a t  the  route  level and combined according t o  the  procedure  derived i n  
appendix A. T h i s  combined M I S  real-time  result is shown on the  far  right of 
f igure 24. Table 9 is a summarized comparison of the  real-time and f ast-time 
resul ts .  
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Figure 24.- Fast-time and real-time  comparisons of i n t e r a r r i v a l  
d e l i v e r y   p r e c i s i o n   f o r   v a r i o u s  f inal-approach  navigation 
systems.   Confidence  interval  of 95 percent   for   fas t - t ime 
data shown  and of between 90.25 percent and 99.88 percent 
for real-t ime  data.  
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9.- SUMMARIZED OOMPARISON OF FAST-TIME AND REAL-TIME  RESULTS 

S t a n d a r d   d e v i a t i o n  
of i n t e r a r r i v a l  time error for - 

Naviga t ion  system 
Real- time r u n s ,  

sec 

VOR/DME and ILS 6.3 
VOR/DME and ?60° MLS 12.3 
VOR/DME and +40° MLS 

13.6  Canbined +40° with  *60° MLS and VOR/DME 
15.7 t F a s t -  time r u n s  , 

se c 

9.2 
8.0 
7.9 
-” 

The e q u a l - t a i l s   F - t e s t  was used t o  de te rmine   whe the r   t he re  was d i s c e r n i b l e  
d i f f e r e n c e   b e t w e e n   t h e  real-time a n d   f a s t - t i m e   i n t e r a r r i v a l  time-error v a r i a n c e s  
a t  t h e  5 p e r c e n t   l e v e l .  The h y p o t h e s i s   t e s t e d  is 

where Ho is t h e   n u l l   h y p o t h e s i s ;  HI is t h e   a l t e r n a t e   h y p o t h e s i s ,   a n d  s 2  is  
the   va r i ance .   The  number of degrees  of freedom  used were 400 f o r   t h e   f a s t - t i m e  
data, 8 f o r   t h e  real-time VOR/DME and  ILS,  and  16 for t h e  real-time combined 
?40° and  ?60° M L S .  A c a n p a r i s o n  of t h e   f a s t - t i m e   a n d  real-time re su l t s  f o l l o w s  
w i t h   e q u a l i t y   i n d i c a t e d  when t h e   n u l l   h y p o t h e s i s  is n o t   r e j e c t e d .  

Fas t - t ime VOR/DME and ILS = Real-time VOR/DME and ILS 

Fas t - t ime ?40° MLS # Real-time combined +40° and +60° MLS 

Fast- t ime ?60° MLS f Real-time canbined +40° and ?60° MLS 

The real-time VOR/DME and  ILS d a t a  seem to  meet t h e   i n i t i a l   o b j e c t i v e   o f  
v e r i f y i n g   t h e   f a s t - t i m e   r e s u l t s .  However, a s i g n i f i c a n t  factor is t h a t   n o t   o n l y  
d o   t h e   r e a l - t i m e  MLS r e s u l t s   n o t   a g r e e   w i t h   t h e  fast-time d a t a   f o r   t h e   F - t e s t  
b u t  t h e y   a l s o  shaw a worse de l ivery   per formance .  A c a n p a r i s o n  of t h e   r e a l - t i m e  
d a t a   w i t h   t h e   F - t e s t   i n d i c a t e s   t h a t   e v e n   t h e  VOR/DME and  ILS real-time i n t e r -  
a r r i v a l  time-error v a r i a n c e  was less t h a n   t h a t   o b s e r v e d   f o r   t h e  real-time com- 
bined +40° and ?60° MLS d a t a .   T h i s  real-time d a t a   c o m p a r i s o n   i n d i c a t e s   t h e r e  
is o n l y  a 0.032 p r o b a b i l i t y   t h a t   t h e   i n t e r a r r i v a l  time-error v a r i a n c e   o f   t h e  
real-time VOR/DME and  ILS is e q u a l  to tha t   o f   the   combined  +40° and +60° MIS. 
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7.3.2 Gate l o c a t i o n . -   T h e   q u e s t i o n   t h e n  is what factor is i n f l u e n c i n g   t h e  
p i lo t s '  ac t ions   and   ove r shadowing   t he   accu racy  of t h e  MLS system? A check  on 
the   sequence  of t h e  real-time d a t a   r u n s   e l i m i n a t e d  a l e a r n i n g   c u r v e  as t h e  
cause.  The pilots themselves  said t h e y  were n o t  aware of a c o n c i o u s   r e a c t i o n  
t o  e i t h e r   t h e  MLS or VOR/DME and ILS sys tems  which   would   expla in   the  real-time 
da ta   d i sc repancy .  A possible c a u s e  was t h e   f a c t   t h a t   t h e   g a t e - t o - r u n w a y -  
t h r e s h o l d   d i s t a n c e  for t h e  MLS system was less t h a n   t h a t   u s e d   i n   t h e  VOR/DME 
and IIS runs .  

A l o o k  a t  t h e   p a t h s   f l o w n  for t h e  DICE-turn   approaches   ind ica ted   the  
fol lowing  general   tendencies:   (1)   The  runway  extended  path seems to have  been 
in t e rcep ted   s anewha t  closer to  t h e  gate f o r   t h e  VOR/DME and   ILS   t han   fo r   t he  
MIS r u n s ;   ( 2 )   t h e   t u r n s   o n   t h e  MLS i n   g e n e r a l  are somewhat more s h a l l o w   w i t h  
less b a n k   a n g l e   t h a n   t h a t  of t h e  VOR/DME and  ILS;  and (3 )  VOR/DME and  ILS- 
s y s t e m   t u r n s  appear t o  more c l o s e l y   m a t c h   t h e  M h S a l g o r i t h m  assumed r a d i u s  
of   tu rn .   F igures  25 and 26 are c o m p a r a b l e   a p p r o a c h e s   f l m n  by t h e  same pi lo t  
i l l u s t r a t i n g   t h e s e   t e n d e n c i e s .   A n o t h e r  set of 9 DICE-turn  runs was made t o  
v e r i f y   t h e s e   o b s e r v a t i o n s .   T h e s e   r u n s  used t h e  +60° MLS system  but   had  the 
g a t e   p l a c e d   a t   t h e   n o r m a l  ILS p o s i t i o n ,   1 2 . 0 4  Ian (6.50 n.mi.) f ran t h e   t h r e s h -  
o ld ,  r a the r   t han   t he   8 .33  km (4 .50   n .mi . )   u sed   i n   t he   r egu la r  MLS runs .  The 
results of p r e v i o u s  ILS s t ra ight - in   runs   were   combined  w i t h  t h e  new +60° MLS 
(ILS  gate)  DICE-turn  approaches to o b t a i n  an   equiva len t   sys tem-del ivery  perfor- 

mance.  The i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   o b t a i n e d  was 9 . 7  sec and is  
plotted i n   f i g u r e  27 a l o n g   w i t h   p r e v i o u s   r e a l - t i m e   r u n s  for comparison. 

By u s i n g   t h e   F - t e s t  a t  t h e   5 - p e r c e n t   l e v e l   o f   s i g n i f i c a n c e ,  t h e  hypotheses  
tested f o r   t h e  real-time r e s u l t s  were: 

Ho: s2 (VOR/DME and ILS)  = s2 (260 MLS wi th   ILS   ga t e )  

a g a i n s t  

H1 : s2 (VOR/DME and I L S )  f (+60° MLS w i t h  I L S  g a t e )  

0 

2 

and 

a g a   i n s  t 

U n f o r t u n a t e l y ,   t h e   n u l l   h y p o t h e s i s   c o u l d   n o t  be rejected i n   e i t h e r  case. S i n c e  
t h e   i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n   o f  t h e  +60° MIS w i t h  its g a t e   d i s t a n c e  
extended was b e t w e e n   t h e   s t a n d a r d   d e v i a t i o n   o f   t h e  VOR/DME and I L S  a n d   t h a t  of 
the c m b i n e d  +40° and  +60° M L S ,  t h e   F - t e s t   i n d i c a t e d   a n   e q u a l i t y  to both  systems.  
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F i g u r e  25 .- Approach w i t h  VOR/DME and I L S  

I 

F i g u r e  26.- Approach w i t h  VOR/DME and +40° MLS. 
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Figure  27.- I n t e r a r r i v a l   d e l i v e r y   p r e c i s i o n   o f   t h e  real-time d a t a  
r u n s  for va r ious   f i na l - approach   nav iga t ion   sys t ems   and   ga t e  
l o c a t i o n s .   C o n f i d e n c e   i n t e r v a l  is between 90.25 percen t   and  
99.88 p e r c e n t   f o r   v a l u e s  shown. 
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I n   s e a r c h i n g   f u r t h e r  for c o n f i r m a t i o n  of t h e  possible g a t e - l o c a t i o n  effect ,  
d i s t a n c e s   f r a n   t h e   g a t e   w h e r e   t h e  runway c e n t e r l i n e  was i n t e r c e p t e d  were measured 
from  approach plots l i k e  t h o s e  of f igu res   25   and   26 .   The   r e su l t s   o f   t hese  mea- 
surements  are summarized i n  table 10 .   The   measu red   ave rage   i n t e rcep t   d i s t ance  
from t h e   g a t e  for t h e  VOR/DME and  ILS  system was 0.39 km (0.21 n.mi.),  whereas 
t h e   a v e r a g e   d i s t a n c e   m e a s u r e d   f o r   t h e   c o m b i n e d  ?40°  and  +60° MIS was 0.89 km 
(0.48  n.mi. 1. The ave rage   va lues   ob ta ined  seem to c o n f i r m   t h e   c o n t e n t i o n   t h a t  
t h e  pilots i n t e r c e p t e d   t h e  runway c e n t e r l i n e   e x t e n s i o n  closer t o  t h e   e x p e c t e d  
M & S p o i n t   ( t h e   g a t e )  when t h e   g a t e  was f a r t h e r  from t h e   t h r e s h o l d .  However, 
i n s t e a d   o f   f a l l i n g   r e l a t i v e l y  close to  one   o f   t he   a fo remen t ioned   va lues ,   t he  
average   d i s tance   measured   €or   the  new ?60° MLS r u n   w i t h   I L S   g a t e   d i s t a n c e  was 
0.67 km (0.36  n.mi.1.   This  value is almost halfway  between  the  values   measured 
f o r   t h e  VOR/DME and  ILS  and  for  the  combined ?40° and  ?60° MLS runs .  A t  l e a s t  
t h e s e   r e s u l t s  are c o n s i s t e n t   w i t h   t h e   i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n  
measurements   because   for   those  too t h e  +60° MLS r u n   w i t h   I L S   g a t e   f e l l   b e t w e e n  
t h e   o t h e r  two measurements   ( f ig .   27) .  

TABU 1 0.- MEASUREMENTS  OF  RUNWAY-CENTERLINE-INTERCEPT  DISTANCE  FROM  TEE GATE 

I 

Naviga t ion   sys tem 

A v e r a g e   i n t e r c e p t  S t a n d a r d  
d i s t a n c e   f r o m   g a t e  d e v i a t i o n  

of 
runs n.mi. 

VOR/DME and  ILS 

9 ?6O0 MLS w i t h  ILS g a t e  
.60 1 . l l   . 48  .89 1 8  Canbined  +40°  and ?60° MLS 

0.96 1 .78 0.21 0.39 9 

.43  .80  .36 .67 

Al though  the   magni tude   o f   the   average   runway-center l ine- in te rcept   d i s tance  
f r c m   t h e   g a t e  seems to v a r y   w i t h   g a t e   d i s t a n c e   f r a n   t h e   r u n w a y   t h r e s h o l d ,   t h e  
small amount of real-time d a t a  does n o t   g i v e   v e r y   g o o d   s t a t i s t i c a l   d i s c r i m i n a -  
t i o n .  For i n s t a n c e ,   t h e  t-test f o r   d i f f e r e n c e s  of mean used   on   t he   r ea l - t ime  
resul ts  f a i l e d  t o  i n d i c a t e  a d e f i n i t e   d i f f e r e n c e   i n   i n t e r c e p t   d i s t a n c e .  The 
hypothes is   used  was 

Ho: u(VOR/DME and  ILS) = U(combined +40° and ?60° MLS) 

a g a i n s t  

H1 : u(VOR/DME and  ILS) # U(combined  ?40°  and  +60° MLS) 

where U is t h e   a v e r a g e   i n t e r c e p t   d i s t a n c e  frcnn the   ga t e .   Because   o f   t he  rela- 
t i v e l y  poor r e s o l u t i o n   o f   t h e  t-test r e s u l t i n g   f r o m   t h e   l i m i t e d  number of real- 
time r u n s ,   t h e   n u l l   h y p o t h e s i s   c o u l d   n o t   b e   r e j e c t e d   e v e n  a t  a 1 0 p e r c e n t   l e v e l  
o f   s i g n i f i c a n c e .   T h i s  same re su l t  is, of c o u r s e ,   o b t a i n e d  when t h e   a v e r a g e  
i n t e r c e p t   d i s t a n c e  for t h e  +60° MI;s wi th   ILS   ga t e  is t e s t e d   a g a i n s t   t h e   i n t e r -  
cept d i s t a n c e  of t h e   o t h e r  t w o  s y s t e m s .   U n f o r t u n a t e l y   h y p o t h e s i s   t e s t i n g   w i t h  
t h e  real-time d a t a   a v a i l a b l e   d o e s   n o t  permit a d e f i n i t e   c o n c l u s i o n  as t o  whether 
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t h e   r u n w a y - c e n t e r l i n e - i n t e r c e p t   d i s t a n c e  from t h e   g a t e  is i n f l u e n c e d  by t h e  
g a t e   d i s t a n c e  fran t h e   t h r e s h o l d .  

Although  the data is n o t  as s t a t i s t i c a l l y   c o n c l u s i v e  as d e s i r a b l e ,   t h e  
d i s t a n c e   o f   t h e   g a t e  fran t h e   t h r e s h o l d   d o e s  appear to be a f a c t o r   i n  p i lo t  
performance. The p r inc ipa l   causes   o f   ou te r -marke r -de l ive ry  time errors are 
( 1 )  A p i lo t  does   no t  s t a r t  a D I C E  t u r n  a t  t h e   e x p e c t e d  time: ( 2 )  t h e   a c t u a l   t u r n  
is n o t  made w i t h   t h e   b a n k   a n g l e  assumed i n   t h e   g r o u n d   a l g o r i t h m ;   a n d  ( 3 )  t h e  
i n t e r c e p t ,  or merge ,   po in t   w i th   t he   ex tended   runway   cen te r l ine  is a t  a d i f f e r e n t  
p o i n t   t h a n   t h e   g a t e   l o c a t i o n   w h i c h  was expec ted   w i th   t he   g round  ETA p r e d i c t i v e  
algorithm.  The l a t te r  two s i t u a t i o n s  appear t o  b e   t h e   c o n t r i b u t i n g  factors when 
t h e   g a t e  is moved closer to t h e  runway. A p l a u s i b l e   e x p l a n a t i o n  for t h e  worst 
de l ive ry   pe r fo rmance   expe r i enced  when t h e   g a t e  was moved closer to  t h e   t h r e s h o l d  
is t h a t   t h e   p r i m a r y   c o n c e r n  of t h e  pilot  a t  some p o i n t   i n   h i s   a p p r o a c h  becomes 
t h a t   o f   c o n f i g u r i n g   a n d   a l i g n i n g   t h e  a i rc raf t  for e x e c u t i n g   t h e   n o r m a l ,   s a f e  
I F R  l a n d i n g   r e q u i r e d   i n   t h e  real-time s i m u l a t i o n   r u n s .   G i v e n   t h a t   t h e  pilots 
had   expe r i ence   w i th   t he  EHSI map in   no rma l  TCV l a n d i n g s ,   t h e   s u b c o n s c i o u s  reac- 
t i o n  may be to  a l i g n   a n d   c o n f i g u r e   t h e i r   a i r c r a f t  for l a n d i n g  a t  some d i s t a n c e  
f r a n   t h e   t h r e s h o l d   w h i c h   t r a i n i n g   a n d   e x p e r i e n c e  te l ls  them is r e q u i r e d  for an  
acceptab le   touchdown.   Another   cons idera t ion  is t h a t   f o r  a g i v e n   g l i d e  slope, 
runway-alignment  maneuvers  must be performed closer t o  the   g round when t h e   g a t e  
is moved i n .  A l l  o f   t h i s   c o n s i d e r e d ,  we s u b m i t   t h a t   i n   t h i s   i n v e s t i g a t i o n ,   t h e  
MLS g a t e  was moved close to  or i n s i d e   t h e   p o i n t   w h e r e   t h e   i n h e r e n t  p i lo t  concern 
fo r   l and ing  impacted t h e  M & S s y s t e m   c a p a b i l i t y   f o r  precise time d e l i v e r y .  

A l t h o u g h   t h e   g a t e - l o c a t i o n   e f f e c t  is n o t   p r e d i c t a b l e   i n   t h e   f a s t - t i m e   s t u d y ,  
t h i s   e f f e c t  is an i n t e r e s t i n g   a n d   s i g n i f i c a n t   f i n d i n g   i n   v i e w   o f   t h e   f a c t   t h a t  
t h e   n e x t   g e n e r a t i o n  of commercial a i r c ra f t  w i l l  be equipped   wi th  EHSI d i s p l a y s .  
When t h e  MIS s y s t e m   g e t s   i m p l e m e n t e d ,   t h e   p o s s i b i l i t y   o f   m o v i n g   i n   t h e   g a t e  t o  
s h o r t e n   t h e  common IFR p a t h  w i l l  be cons idered  ( ref .  1 4 ) .  Combine t h e s e  factors 
w i t h   t h e   p r e s s u r e  t o  achieve  maximum IFR c a p a c i t y   t h r o u g h  precise time d e l i v e r y  
and   t he  same s i t u a t i o n  as t h a t   e x p e r i e n c e d   i n   t h e  real-time r u n s  w i l l  e x i s t .  
A l t h o u g h   t h e   e x p e r i m e n t a l   f i n d i n g s   g a v e   a n   i n d i c a t i o n  of what  might be expec ted ,  
it is p o s s i b l e   t h a t   f u r t h e r   e x p e r i e n c e   a n d   t r a i n i n g   m i g h t   m o d i f y   t h e   i m p a c t   o n  
de l ive ry   pe r fo rmance   o f   mov ing   t he  MLS g a t e  closer t o  t h e   t h r e s h o l d .  

The e f f ec t   o f   an   onboa rd   coup led   con t ro l   sys t em  in   r emov ing  p i lo t  v a r i a t i o n  
is a r e l a t e d   q u e s t i o n .  The limited resul ts  o b t a i n e d   r a i s e d  sane i n t e r e s t i n g  
and  important  issues which  should be a d d r e s s e d   i n   f u r t h e r   s t u d i e s .  

8.0 SUMMARY OF RESULTS 

The   f ixed-pa th   ( speed-cont ro l )   meter ing   and   spac ing  (M & S) sys t em  desc r ibed  
i n   t h i s  report assumes an   a i r c ra f t   two-d imens iona l  area n a v i g a t i o n  (RNAV) capa- 
b i l i t y .  The c h i e f   o b j e c t i v e s  of t h i s   i n v e s t i g a t i o n  were to  e v a l u a t e   t h e   d e l i v e r y  
performance  of  an earlier proposed M L S system  and t o  de termine  i f  u s i n g   t h e  
microwave  landing  system (MLS) for approach   gu idance   improved   the   sys tem's  
d e l i v e r y   p e r f o r m a n c e   o v e r   t h a t  of ve ry   h igh   f r equency   omnid i r ec t iona l   r ange /  
d i s t ance   measu r ing   equ ipnen t   and   i n s t rumen t   l and ing   sys t em (VOR/DME and ILS)  . 
The pr imary  performance  measure  used was t h e  a i rc raf t  i n t e r a r r i v a l - e r r o r   s t a n -  
d a r d   d e v i a t i o n  a t  t h e   o u t e r  marker. F a c i l i t i e s   u s e d   i n   t h e   s t u d y  are t h e  
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Terminal  Area A i r  T r a f f i c  Model (TAATM) and   t he   Te rmina l   Conf igu red   Veh ic l e  
(TCV) A f t  F l i g h t  D e c k  S imula to r .   Bo th  fast-time (batch-mode)  and real-time 
p i lo t - in - the - loop   expe r imen t s  were conducted. R e s u l t s  o f   t h e   i n v e s t i g a t i o n  are 
d i s c u s s e d   i n   s e c t i o n s   5 . 0 ,   6 . 0 ,   a n d  7.0. The   fo l lowing  is a list of t h e  major 
f i n d i n g s   o f   t h e   ' i n v e s t i g a t i o n :  

1 .  The fast-time s i m u l a t i o n   d a t a  show t h a t   t h e  M & S system aircraf t  
i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n  a t  t h e   o u t e r  marker is on ly   r educed  from 
9.2 to 7.9 sec when t h e  +60° MLS replaces t h e  VOR/DME as t h e  RNAV d a t a   s o u r c e  
dur ing   f ina l -approach ,   f ine- tuning ,   DICE-di rec ted   maneuvers .   Al though  th i s  is 
t r u e   f o r   t h e   p a r t i c u l a r   g e o m e t r y   s t u d i e d ,   f u r t h e r   i n v e s t i g a t i o n   i n d i c a t e d   t h i s  
r e s u l t   r e f l e c t s   t h e   i n t e r a c t i o n   o f  t w o  t y p e s  of approach   rou te s .   Fo r   on ly  
s t r a i g h t - i n  routes t h e r e  was no v e r i f i e d   d i f f e r e n c e   b e t w e e n   t h e   i n t e r a r r i v a l -  
error s t a n d a r d   d e v i a t i o n   o f   t h e  MLS and ILS systems;   however ,   there  was a more 
s u b s t a n t i a l   2 . 6 - s e c   a d v a n t a g e   f o r   t h e  MLS system i f  t h e   g e o m e t r y   c o n t a i n e d   o n l y  
DICE-turn  f inal-approach  routes .  The DICE-turn routes have  the  downwind-base 
conf igura t ion   normal ly   used  a t  most t e r m i n a l s .  

2. There was no s t a t i s t i c a l l y   s i g n i f i c a n t   d i f f e r e n c e   b e t w e e n   t h e  time- 
de l ive ry   pe r fo rmance   o f   t he  +40° MLS s y s t e m   a n d   t h a t   o f   t h e  +60° MLS system. 
F o r   t h e   p a r t i c u l a r  M & S sys tem  s tud ied ,   the   wider   coverage  +60° MLS appears 
to o f f e r   n o   t i m e - d e l i v e r y   p r e c i s i o n   o v e r   t h e   b a s i c  ?40° MLS system.  This   would 
appear t o  be true r e g a r d l e s s   o f   t h e   a r r i v a l - r o u t e   g e o m e t r y  as l o n g  as t h e  D I C E  
t u r n s  are made w i t h i n  MLS coverage.  

3 .  Real-time VOR/DME and ILS d a t a  results were c o n s i s t e n t   w i t h   t h e   f a s t -  
time d a t a   r u n s   b u t   t h e  real-time MLS r e s u l t s   i n d i c a t e d  a worse d e l i v e r y  per- 
formance   no t   on ly   compared   wi th   the  fast-time d a t a   b u t  also compared  with  the 
real-time VOR/DME and ILS sys tem  as  well. The g a t e   l o c a t i o n  for t h e  I S  r u n s  
was placed  12.04 km (6 .50   n .mi . )   f rom  the   th reshold .   S ince   the   increased  
accu racy   o f   t he  MLS system allows p r e c i s e   f i n a l   i n t e r c e p t ,   t h e   g a t e   l o c a t i o n  
f o r   t h e  MLS runs was moved 3.70 km (2.00 n.mi.) closer to  t h e   t h r e s h o l d   i n   o r d e r  
to  reduce   t he   f i na l - approach  common pa th .  Though n o t  as  s t a t i s t i c a l l y  conclu- 
s i v e   a s   d e s i r a b l e ,   t h e  real-time d a t a   i n d i c a t e   t h a t  moving t h e   g a t e  2.00  n.mi. 
closer t o  t h e  runway  th reshold  may a f f e c t   t h e  p i l o t ' s  , imp lemen ta t ion   o f   f i na l  
DICE-turn  maneuvering  needed t o  achieve  M & S d e l i v e r y   p r e c i s i o n .  I t  a p p e a r s  
t h a t   i f   t h e   g a t e  is moved s i g n i f i c a n t l y  closer t o  t h e   t h r e s h o l d   t h a n   n o r m a l ,  a 
p i lo t  w i t h   t h e   d i s p l a y s   a v a i l a b l e   i n   t h e  TCV a f t - f l i g h t - d e c k   c o c k p i t  may t e n d  
to c o n f i g u r e   a n d   a l i g n   t h e  a i rc raf t  for l a n d i n g  a t  t h e  same d i s t a n c e   h e   n o r m a l l y  
d o e s   r a t h e r   t h a n   p r e c i s e l y   f o l l o w i n g   t h e  M & S-de r ived   f i ne - tun ing  DICE i n s t r u c -  
t i o n s .   T h i s   r a i s e s  some impor tan t  issues c o n c e r n i n g   t h e   i n t e r a c t i o n s   o f  
e l e c t r o n i c   h o r i z o n t a l   s i t u a t i o n   i n d i c a t o r  (EHSI) d i s p l a y s ,   c l o s e - i n   f i n a l   i n t e r -  
cep t s ,   and  M & S s y s t e m s   w h i c h   n e e d   f u r t h e r   i n v e s t i g a t i o n .  

4. The en  route m e t e r i n g   f u n c t i o n  of t h e  M & S system  s tudied,   even  though 
accomplished  with a t i m e - b a s e d   p r o c e s s ,   o n l y   r e g u l a t e s   t h e   a i r c r a f t   a r r i v a l  ra te  
and   opera tes   independent ly  of t h e   t e r m i n a l   s c h e d u l e  process. That is, t h e  ter-  
minal   scheduler   has   no  knowledge of the   meter ing-scheduled  outer-marker time and 
e s t a b l i s h e s  its awn scheduled  outer-marker  time when t h e   a i r c r a f t   r e a c h e s   t h e  
t e r m i n a l ' s   t e n t a t i v e - s c h e d u l e   p o i n t .   T h i s   s t u d y   d e m o n s t r a t e d   t h a t  most o f   t h e  
a r r iva l  ( m e t e r i n g )   f i x   h o l d i n g  is t r a n s f e r r e d  t o  more f u e l - e f f i c i e n t ,   h i g h e r  
a l t i t u d e   e n   r o u t e   d e l a y  as t h e   t e r m i n a l ' s   t e n t a t i v e - s c h e d u l e   p o i n t  is moved 

76 



closer  to  the  metering-process  time  point.  Clearly  the  closer  the  terminal 
tentative-schedule  time is moved  to  the  en  route  metering time, the  closer  a 
coupled  metering  and  terminal  scheduling  system  is  approached.  Therefore, 
coupling  should  be  incorporated  in  the  design of a  metering  and  spacing  system 
utilizing  relatively  fixed,  fuel-efficient,  profile  descent  paths.  Also, a' 
reduction  in  terminal  delay  not  only  saves  fuel  but  increases  safety  by  reducing 
congestion and  lowering  the  work  load of both  pilots  and  controllers. 

5. The M ti S system  used  in  the  investigation  had  several  limitations  and 
constraints  which  are  discussed in  section 5.0. For example,  the  ground  rules 
used  to  assign  holds  tended to be conservative  and  inflexible,  thereby  creating 
traffic-flow gaps  unnecessary for  safety.  Another  constraint  noted  is  the  lack 
of information  in  the  scheduling  algorithm on the  path-shortening  and  stretching 
capability  available. To achieve  a  relatively  fixed-path  configuration  this 
information,  by  design,  is  used  only  by  the  schedule-maintenance  algorithm as 
a  backup  to  realize  a  scheduled  marker  time.  This  procedure  places  highest  pri- 
ority  on  achieving  the  scheduled  marker  time  by  speed control with  secondary 
priority on holding aircraft.and resequencing  depending on the  aircraft  loca- 
tion. The  limitations of this  process  are  compounded by the  holding  limitations 
mentioned  previously. If the  scheduler was  given  more  knowledge of the  control- 
lability  possible  with  path  shortening  and  stretching,  then  speed  control  could 
still be  given  highest  priority  but  the  secondary  priorities  would  have  path 
change  over  holding. This should  yield  smoother  traffic  flow  but at the  expense 
of  some  variability  in  aircraft  approach  paths. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
April 6, 1981 
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SYSTEM INTERARRIVAL TIME-ERROR PERFORMANCE FROM 

SINGLE-AIRCRAFT, ROUTE-DEPENDENT ARRIVAL ERRORS 

During the  real-time  experiments,  the TCV Aft  Flight Deck Simulator was 
treated by t h e  Terminal Area A i r  Traff ic  Model (TAATM) as merely  another a i r -  
c r a f t  i n  i t s  airspace  to be controlled. The time-of-arrival  error  at  the 
outer marker for  the TCV simulator can be independently and d i rec t ly  measured 
but any interarrival-error measurements m u s t  use a TAATM (real-time  version) 
generated  software aircraft   as  the  "other"  aircraft  of a pair.  Since one of 
the  objectives of the  real-time  investigation was to  verify  fast-time TAATM 
performance, it would be preferable   to  have a "pure"  real-time  result  not 
affected by the  quantity  to be verified.  I n  addition,  the  arrival  errors  are 
different  for  the  straight-in and  DICE-turn routes used i n  the geometry. There- 
fore,  there is a route  interaction i n  the  interarrival-error measurements which 
cannot be d i rec t ly  measured i n  the  single-aircraft,  real-time  data  case  as was 
done i n  t h e  multiple-aircraft,  fast-time  data  runs. The developnent i n  t h i s  
appendix allaws  the measured, piloted-cockpit  error  variance  at  the  outer marker 
for each type of route  to be converted to  an equivalent-system  interarrival- 
error  variance. T h i s  interarrival-error  variance is what  would be expected i f  
a l l   a i r c r a f t  i n  the  terminal system had the same time-error  characteristics  as 
those measured for  the TCV simulator. 

Arrival  Error of Single  Aircraft  

T h i s  section w i l l  show  how t o  determine  the  single-aircraft  arrival  error 
when the  arrival could be frcm either of  two types of routes, each w i t h  i ts own 
delivery-error  distribution. The arrival  errors  for each of the  types of routes 
are independent of each other. 

Let the  route be defined by variable R so that  R1 has an a i r c ra f t  time 
error of delivery  distribution x such that  f ( x ( R 1 )  - N ( U 1  ,a1 2,  , the  notation 
being that  the  conditional  distribution of x given  route 1 i s  a normal d i s t r i -  
bution w i t h  mean U 1  and variance U T  '. Similarly, R 2  has an a i r c ra f t  time- 

error  distribution x such  that  f (x lR2)  - N ( u ~ , O ~ ~ )  w i t h  probability P of 
each route  as  follows: 

and 

P1 + P2 = 1 
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The f o l l o w i n g   s k e t c h   i l l u s t r a t e s   t h e   c o n d i t i o n a l  time-error d i s t r i b u t i o n s  for 
each  type of a r r i v a l   r o u t e :  

We can now s ta te  t h e   f o l l a w i n g  
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The manen t -gene ra t ing   func t ion  for x, r e p r e s e n t e d  by M x ( t ) ,  is determined 
by t h e   f o l l o w i n g :  

e dx (A51 

where E{etx} is t h e   e x p e c t a t i o n  of etx. By u s i n g   t h e  known resul ts  for 
n o r m a l   d i s t r i b u t i o n s  we g e t  

By u s i n g   t h e   p r o p e r t y  of M x ( t ) ,  

and 
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Interarrival  Error of Two Aircraft  With Known 

Arrival-Error  Distribution 

Given there  are two par t icular   a i rcraf t   arr ivals  such tha t  

where the   f i r s t   a i r c ra f t  A has target  time t A  and error XA and the second 
a i r c ra f t  B has target time t B  and error XB. 

The errors XA and XB are independent: 

Therefore,  the  interarrival  error y between A and B is 

We can t h u s  say  the  following: 
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and 

The interarrival  error y,  given  the  order and arr ival   error  of each a i r c r a f t  
is 

General Interarrival  Error of Two Aircraft  

We can now determine  the  interarrival time error between two a i r c ra f t  when 
e i ther   a i rc raf t  could come from either of two types of routes w i t h  each route 
having its own error  distribution. With the symbols already  defined and f r m  
the  following  sketch, a new  random variable C i s  introduced such that  

C = l  
c = 2  
c = 3  
c = 4  

C 
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F o r   i n d e p e n d e n t   a r r i v a l s   t h e   p r o b a b i l i t y  P is d e f i n e d  by: 

P(C = 1 )  = P12 

P(C = 2)  = PIP2 

P(C = 3) = PIP2 

P(C = 4)  = P22 1 
If t h e   i n t e r a r r i v a l  time error between two a i r c ra f t  A and B is d e f i n e d  by 
y ,   then  

7 

The  moment-genera t ing   func t ion   for   y ,   represented  by M y ( t ) ,  is determined by 
the   fo l lowing :  

- I  I 
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By using  the  known  results  from  normal  distributions we get 

My(t) = P1  2e + P1P2e 

By using  these  properties  of  My(t), 

and 

we  can  say  the  following: 

Since ~{yl = 0, 

Confidence  Interval of Interarrival-Error  Standard  Deviation 

This section  shows  the  determination of some interval  around  the  sample 
estimate  of  interarrival-error  standard  deviation ay defined by end  points 
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(conf idence  limits) for which sane measure   o f   conf idence   can  be assigned.  The 
terms U L , ~  and U H , ~  are t h e  lower and  upper  bounds of t h e   c o n f i d e n c e   i n t e r -  
va l  for Ul determined from t h e   c h i - s q u a r e   s u c h   t h a t  

UL,2 = bL,zo2 

‘H,2 = bH,2a2 

where  and bH a r e   c o n s t a n  
degrees   of  freedom. T h e r e f o r e ,  

( ~ 2 3 )  

ts determined by t h e  number of data samples or 

A r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n  
confidence  bounds 

Trans fo rm  func t ion  (eq. (A20) ) 

S y s t e m   i n t e r a r r i v a l - e r r o r   c o n f i d e n c e  bound 

w i t h  U L , ~  and  OH,^ d e f i n i n g   t h e   c o n f i d e n c e   i n t e r v a l   a r o u n d  Oy. S i n c e  a l l  
terms are p o s i t i v e ,   t h e   t r a n s f o r m   f u n c t i o n  for t h e  lower bound  of U y  is 
o b t a i n e d  by s u b s t i t u t i n g   t h e  lower bound f o r   e a c h   o f   t h e  routes ( i .e. ,  U L , ~ ,  
O L , ~ )  i n t o   e q u a t i o n  (A20) to  g e t  

A similar s u b s t i t u t i o n   y i e l d s   t h e   u p p e r  bound. I f   t h e   d e g r e e s   o f   f r e e d o m  are 
t h e  same for t h e  data from b o t h   r o u t e s ,  t h e n  

bL,l = bL,2 = bL (A251 
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By s u b s t i t u t i n g  i n t o  e q u a t i o n  (A24), 

Rewri t ing  C S L , ~  i n  terms of ay f rom  equat ion  (A20) y i e l d s  

A s i m i l a r   p r o c e s s   f o r   t h e   u p p e r  bound g i v e s  

A procedure  to d e f i n e   t h e   e n d   p o i n t s  of a c o n f i d e n c e   i n t e r v a l   h a s   b e e n  
determined.  Now some measure of conf idence  is n e e d e d   f o r   t h e   i n t e r v a l .  The 
f o l l o w i n g   s k e t c h   i l l u s t r a t e s   t h e   c o n f i d e n c e  limits: 

I f  P = 0.9500 t h a t  01 is w i t h i n   t h e   i n t e r v a l  aL,l S a1 6 aH,l and also t h e  
same p r o b a b i l i t y   t h a t  0 2  is w i t h i n   t h e   i n t e r v a l  aL,2 6 a2 6 oH,2, t h e n  
P = 0.9025 t h a t  01. and 02 a re   bo th   w i th in   t he i r   r e spec t ive   conf idence   bounds .  
I f  both OL,l 6 01 6 uH,l and aL,2 6 02 S aH,2 are  t rue ,  t h e n  aL,y 6 oy 5 OH 
is  also ture. See eq. (A24).) If r Y  
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P = 0.025 t h a t  0 1  > D H , ~  and   t he  same probability t h a t  07 < aL,l 

and 

P = 0.025 t h a t  0 2  > 0 ~ , 2  a n d   t h e  same p r o b a b i l i t y   t h a t  0 2  < 0 ~ , 2  

then  

P = 6.25 x 1 0'4 t h a t   b o t h  0 1  >  OH,^ and 0 2  > 0 ~ , 2  a n d   t h e  same 
p r o b a b i l i t y   t h a t   b o t h  a1 < O L , ~  and a 2  < UL,2 

Therefore ,  P = 1 . 2 5  x 1 0"3 t h a t  a1 and 0 2  are both  above or both below 
t h e i r   r e s p e c t i v e   c o n f i d e n c e   b o u n d s .  Fran e q u a t i o n  (A24) ,  when t h e s e   c o n d i t i o n s  
e x i s t  0 is o u t s i d e  its confidence  bounds  def ined by  OH,^ and U L , ~ .  The 
r e s u l t  0: t h i s   e x e r c i s e  is a bounded p r o b a b i l i t y   i n t e r v a l   f o r   t h e   c o n f i d e n c e  
i n t e r v a l   o f  ay. I f  ( U L , ~  , U H , ~ )  and (UL,~,UH,~) define  95.000-percent   con-  
f i d e n c e   i n t e r v a l s  for 01 a n d   0 2 ,   r e s p e c t i v e l y ,   t h e n  Oy w i l l  f a l l  between 

somewhere  between  90.250 t o  99 .875   percent   o f   the  time. T h i s  
g i v e s  a f e e l i n g   f o r   t h e   c o n f i d e n c e   w h i c h   c a n  be placed o n   t h e   i n t e r v a l   d e f i n e d  
OL,Y and uH,y 

by UL,y and OH,y- 

Fas t -Time  Exper imenta l   Ver i f ica t ion  

The two types   o f   rou te s   u sed   i n   t he   sys t em  s tud ied  were t h e   s t r a i g h t - i n  
EYERS route and   t he  two-DICE-turn approach  of  a l l  t h e  other a r r i v a l  routes. 
As a v e r i f i c a t i o n  for e q u a t i o n  (A20) ,  t h e   a i r c r a f t   a r r i v a l - e r r o r   s t a n d a r d  
d e v i a t i o n  was o b t a i n e d   f r a n  a fast- t ime,   no-BYERS-traff ic   data   run  and a lso for 
an  a l l -BYERS sample. T h e s e   a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n s  were combined i n  
e q u a t i o n  (A20) to  o b t a i n  t he  calculated s y s t e m   i n t e r a r r i v a l - e r r o r   s t a n d a r d  
d e v i a t i o n .   F i g u r e  A1 shows t h i s  c a l c u l a t e d   v a l u e  was i n d e e d   q u i t e  close t o  t h e  
m e a s u r e d   s y s t e m   i n t e r a r r i v a l - e r r o r   s t a n d a r d   d e v i a t i o n  of the  normal-system, a l l -  
route da ta   run .  
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Measured  a1 1 - r o u t e   C a l c u l a t e d  from 
d a t a  run a1 1 - s t r a i   g l l t - i n   a n d  

a1 1 -DI C E - t u r n  t r a f f i c  r u n  

Figure A1 .- Interarrival  delivery  precision from a measured, normal 
all-route  data run and calculated  value from arrival  precision 
of  an a l l   s t ra ight - in  and all-DICE-turn t r a f f i c  sample. Final 
approach w i t h  +60° MLS navigation; no wind error;  confidence 
interval of 95.00 percent  for measured values shown  and between 
90.25 and 99.88 percent for calculated  value. 
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SPEED-CONTROL  ALGORITHM (SPDOPT) 

The nominal speed on a g iven   f l i gh t -pa th   s egmen t  for an a i r c ra f t  i s  t h e  
h i g h e s t   a c c e p t a b l e   s p e e d   f o r   t h a t   a i r c r a f t   d e p e n d e n t   o n  its p o s i t i o n   w i t h i n   t h e  
t e r m i n a l  area and its performance class. The schedule-main tenance   log ic  of t h e  
M h S system,  however, is c a p a b l e   o f   s e l e c t i n g   a n   a l t e r n a t e  speed i f  a speed 
o p t i o n   h a s   b e e n   s p e c i f i e d  for the  segment  and i f  t h e   c o n t r o l   l o g i c   h a s   d e t e r -  
mined t h a t  an a l t e r n a t e  speed should  be chosen to a c h i e v e  a d e s i r e d  SMT. Assum- 
i n g   t h a t  VI* and V are the   pe rmis s ib l e   h igh   and  l o w  i n d i c a t e d  airspeeds 

f o r  a g iven   segment ,   the   speed-cont ro l   a lgor i thm is r e s p o n s i b l e   f o r   c h o o s i n g  
a n   i n d i c a t e d   a i r s p e e d   VI^ s u c h   t h a t   VI^ 5  VI^ <=  VI^. 

I L  

T h i s   a p p e n d i x   d e t a i l s   t h e   e q u a t i o n s   u s e d  to c a l c u l a t e  a ground  speed VS, 
e q u i v a l e n t  to   VI^ when speed c o n t r o l  is a p p l i e d   o n  a segment   for  a g i v e n  a i r -  

c r a f t .  The ve loc i ty   l imi t a t ions   on   t he   s egmen t   and   a l l   succeed ing   s egmen t s   on  
t h e   r o u t e   a r e   p r e s e n t e d  t o  t h e   a l g o r i t h m  as i n d i c a t e d   a i r s p e e d s .   I n  order t o  
perform es t ima ted - t ime-o f -a r r iva l   ca l cu la t ions ,   however ,   t he   a lgo r i thm f i r s t  
c o n v e r t s   t h e s e   v e l o c i t i e s  to  equ iva len t   g round   speeds  for t h e   a l t i t u d e s   a n d  
wind speeds which are p r e d i c t e d  to  be encountered by t h e   a i r c r a f t .  The desired 
ground speed Vsl c a l c u l a t e d  w i t h  t h e   a l g o r i t h m  is a l s o   c o n v e r t e d  t o  i ts  equiv- 
a l e n t   i n d i c a t e d  airspeed before d e l i v e r y   a s  a speed cormnand t o  t h e   a i r c r a f t .  
The f o l l o w i n g   d i s c u s s i o n   i n c l u d e s   t h e   e q u a t i o n s   u s e d  t o  c o n v e r t   i n d i c a t e d  a i r -  
s p e e d s   a n d   a c c e l e r a t i o n s  t o  t h e i r   e q u i v a l e n t   g r o u n d   s p e e d s   a n d   a c c e l e r a t i o n s  
as well as a d e r i v a t i o n  of t h e   e q u a t i o n s  used to  c a l c u l a t e   t h e   d e s i r e d   g r o u n d  
speed vs, 

Re la t ionsh ip   o f   Ind ica t ed   and   Ground   Speeds /Acce le ra t ions  

By u s i n g  a second-order   approximation,   ground  speed Vg is de f ined   by  
the   fo l lowing :  

Vg = k ( l  + a h  + Bh2)VI - W - 

where 

h a l t i t u d e  

V I  i n d i c a t e d  airspeed 

wind v e c t o r  

c r a b - a n g l e   a n   d e s c e n t - a n g l e   c o r r e c t i o n   f a c t o r  

a, B c o n s t a n t s  
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The approx ima te   g round   acce le ra t ion  a1 for segment 1 S1 is 

where, for k 1 and 
- 

dVg aVg dh aVg dVI 

d t  a h   d t  a V 1  d t  
- = - -  + - -  

t h e   f o l l o w i n g   d e f i n i t i o n s   a p p l y :  

a 1   c o n s t a n t   i n d i c a t e d - a i r s p e e d   a c c e l e r a t i o n   ( n e g a t i v e   a c c e l e r a t i o n  for 
dVI 

a r r i v a l  case) , - d t  

dh 
b c o n s t a n t   d e s c e n t  ra te ,  - 

d t  

a = 1.48060 x 1 0-5 

B = 9.07143 x 

h0 i n i t i a l   a l t i t u d e  a t  t h e  s t a r t  of S1 

VI i i n i t i a l   i n d i c a t e d   a i r s p e e d  

L i k e w i s e ,  where hl is t h e   i n i t i a l   a l t i t u d e   a t   t h e   s t a r t  of  segment 2 
S 2 ,   t h e   a p p r o x i m a t e   g r o u n d   a c c e l e r a t i o n   a 2   f o r   S 2  is 

where vll 
is t h e  maximum possible i n d i c a t e d   a i r s p e e d   o n   S I .   S i m i l a r l y ,   w h e r e  

h2 is t h e   i n i t i a l   a l t i t u d e  a t  t h e  s t a r t  of segment 3 S3r   the  approximate 
g r o u n d   a c c e l e r a t i o n   a 3  €or S3 is 

where V12 is t h e  maximum possible i n d i c a t e d   a i r s p e e d   o n   S 2 .  
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D e f i n i t i o n  of Terms Used i n  No-Speed-Overlap Case on  Succeeding  Segments 

V i 1  i n i t i a l   g r o u n d  speed on S1 

vH1 

vL1 

vH2 

vL2 

933 

VS,. desired ground speed on S1 

h i g h e s t  possible ground  speed  on S1 

lowest possible ground speed on S1 

h i g h e s t   p o s s i b l e   g r o u n d  speed on S2 

lowest possible ground speed on S2 

h i g h e s t   p o s s i b l e   g r o u n d  speed on  S3 

I 
V 

H3 J 
I I I I, 

” 

s1 
” 
r -  - 

s3 
t 

Dis tance 

Figure  B1.- No-speed-overlap case on  succeeding   segments .  

F o r   t h i s  case V i l  2 V H ~  2 Vsl  2 V L ~  2 V H ~  2 V L ~ .  I n  a l l  cases V i l  b V H ~  OK 

VHl is set equal to  V i l  . The d e t e r m i n a t i o n  of Vsl r e q u i r e s   t h e   e x p r e s s i o n  

of XLLT(Vsl ) and ETAR(Vsl ) as e x p l i c i t   f u n c t i o n s  of Vsl  . The  fol lowing 

two s e c t i o n s  of t h i s   a p p e n d i x   d e f i n e  XLLT(Vsl) and ETAR(Vsl) f o r   t h i s  case. 
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Canputa t ion   of  XLLT(Vs, ) f o r  No Speed  Overlap  on  Succeeding  Segments 

The term XLLT(Vs ) is d e f i n e d  as t h e  time o f   a r r i v a l  a t  t h e  OM i f  SI 
is flown a t  Vsl a n d   i h e   o t h e r   s e g m e n t s  are f lown a t  t h e i r  lowest r e s p e c t i v e  
v e l o c i t i e s .   F i g u r e  B2 i l l u s t r a t e s  t h e  time, d i s t a n c e ,   a n d   v e l o c i t y   r e l a t i o n -  
s h i p s   u s e d  t o  de te rmine  XLLT(Vsl ) .  We c a n   s a y  

where 

and 

V .  
' 1  

=? 

.7 

c, 

V 
0 

w 
W 
7 

XLLT( Vsl ) = XLLT ( VH., ) + AXLLT~. ,  + A X L L T ~ ~  

A X L L T ~ ~  = ( t l  + t 2 )  - (t, + t2 ' )  

A X L L T ~ ~  = (t3 + t 4 )  - ( t 3 1  + t 4 I )  

d l  

' - 
\ 

\ 

t l  ' 

d2 I d3 
I 

\ 

1 
I t3 \ 

I 
I 

\ 

V I 
Hz? 

" 
r -  

s2 
t 

Dis tance  

Figure  B2.- Time,  d i s t a n c e ,   a n d   v e l o c i t y   d i a g r a m  t o  i l l u s t r a t e  XLLT(Vsl) .  
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The value XLLT(VH~ ) is  defined  in  a  manner  similar to XLLT(Vsl ) with  the 
exception  that S1 is  flown at V H ~ .  This value  is  calculated  external  to  the 
speed-control  algorithm  and  is  presented as an input  constant  to  the  routine. 
By referring to figure B2 and  assuming  constant  acceleration, we can write  the 
following  equations : 

vS1 vS1 

Therefore, 

Again  referring  to  figure B2 we  can  write 

t3 = 
a2 
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d4 

Therefor  e, 

t 4  = - 
vL2 

vL2 - vH1 

a 2  
t3' + t4' = 

vL2 + vH1 vL22 - vH1 2 

d 3  + d4 =( ) (t3' + t4 ')  = 
2a2 

d4 = 
2a2 

Computation of ETAR(Vsl 1 f o r  N o  Speed  Overlap  on  Succeeding  Segments 

The term ETAR(Vsl) is t h e   e s t i m a t e d  time of a r r i v a l  a t  t h e   o u t e r  marker 
us ing  VsI on  S1 a n d   t h e   h i g h e s t   v e l o c i t i e s   p e r m i t t e d   o n   t h e   r e m a i n i n g   s e g -  
ments .   F igure  B3 i l l u s t r a t e s   t h e   s e g m e n t - s p e e d   r e l a t i o n s h i p   u s e d  t o  de termine  
ETAR(Vsl 1. We can write ETAR(Vsl 1 as 

The e x p r e s s i o n s  for A E T A R ~ ~  and &TARS are  similar t o  those   used  for 
A X L L T ~ ~  and A X L L T ~ ~  w i t h  V L ~  r e p l a c e 8  by VH . By u s i n g   e q u a t i o n  (B14) 
and   by   rep lac ing  VL2 by Vf12 i n   e q u a t i o n  (B21 f , t h e n  
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dl  

tl  ' 

D i  stance 

F igu re  B3.- Time, d i s t a n c e ,  and v e l o c i t y   d i a g r a m  t o  i l l u s t r a t e  ETAR(VS1). 

and 

vH1 - vS1 vSl - vH1 2 

A E T A R ~ ~  = + 
a 2  2a2VH2 

The va lue  ETAR(VH~ ) is  d e f i n e d   i n  a manner similar t o  ETAR(VS1 ) w i t h  
t h e   e x c e p t i o n   t h a t  S1 is flown a t  VH1. T h i s   v a l u e  is c a l c u l a t e d   e x t e r n a l  
t o  t h e   s p e e d - c o n t r o l  algorithm and i s  p r e s e n t e d  as a n   i n p u t   c o n s t a n t  to t h e  
r o u t i n e .  
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So lu t ion   o f   Speed   Con t ro l  for No-Speed-Overlap Case on Succeeding  Segments 

The c r i t e r i a  used to  d e t e r m i n e   t h e  segment v e l o c i t y  VS, are t h e   f o l l o w i n g :  

SMT = XLLT' (Vsl ) 

and 

SMT = ETAR(Vsl ) + k '  [FDELAY (Vs1 ) 1 

where k '  is e m p i r i c a l l y   d e f i n e d  as 

where kl and k2 are  the   b racke ted  terms i n   t h e   p r e c e d i n g   e q u a t i o n .  The 
v a l u e  XLLT'(VS1 ) is d e f i n e d   a s   t h e   o u t e r - m a r k e r   a r r i v a l  time i f  S1 is 
f l o w n   a t  Vsl  and  the  remaining  segments  are flown  assuming a p e r c e n t a g e   o f  
t h e   f u t u r e   d e l a y   c a p a b i l i t y  FDELAY (Vsl ) w i l l  be u s e d   i n   o r d e r  to  a c h i e v e   t h e  
d e s i r e d  SMT. T h i s   p e r c e n t a g e   a p p r o a c h e s   1 0 0   p e r c e n t  as Vsl approaches VL1 
The v a l u e  FDELAY(Vs,) is de te rmined   w i th   t he   fo l lowing   equa t ion :  

T h e   f o l l o w i n g   d r a w i n g   i l l u s t r a t e s   t h e s e   f u n c t i o n s :  
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I f  e q u a t i o n s  ( B 5 )  , ( B 1 4 ) ,  and (B21)  are a p p l i e d  t o  e q u a t i o n  ( B 2 8 )  for XLLT(VS, ) 
a n d   e q u a t i o n s  ( B 2 2 ) ,  ( B 2 3 ) ,  and ( B 2 4 )  are used for ETAR(Vsl ) ,  then  

+ 

= FD1 

r 1 

where FD1 and FD2 a r e   t h e   b r a c k e t e d  terms i n   t h e   p r e c e d i n g   e q u a t i o n .  If 
w e  s u b s t i t u t e  e q u a t i o n s  ( B 2 3 )  and ( B 2 4 )  i n t o   e q u a t i o n  ( B 2 2 ) ,  t h e  r e s u l t  is  

+ vs, 

where ET1 , ET2,   ET3 ,  and 
e q u a t i o n .  

ET2 + ET3 (Vsl  ) + ET4 (Vsl  2, 

ET4 are t h e  bracketed terms i n  t h e  preceding 
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S u b s t i t u t i n g   t h e  f i n a l  forms of equat ions   (B27) ,   (B29) ,   and  (B30) i n t o  
equat ions   (B25)   and   (B26)   y ie lds   the   fo l lowing:  

which  can be w r i t t e n   i n   t h e   f o r m   o f  a po lynomia l   in   vs1  : 

where 

A = k2(FD2) 

B = ET4 + kl (FD2) 

C = ET3 + k2(FD1 ) 

D = ET2 + k l  ( F q  ) - SM!C 

E = E T  

Solu t ion   of   Speed   Cont ro l   for   Speed-Over lap  

Case on  Succeeding  Segments 

Thus f a r   i n   t h e   d i s c u s s i o n  w e  h a v e   o n l y   c o n s i d e r e d   t h e   s i t u a t o n   f o r  no 
s p e e d   o v e r l a p   o n   a d j a c e n t   s e g m e n t s ,   t h a t  is, V L ~  2 VH2. F o r   t h e   o v e r l a p   c a s e  

i n  which  the  speed  ranges are equal   on  segments  1 and 2,  t h a t  is, VH, = V H ~  

and VL1 = VL2, a r e s t r i c t i o n  m u s t  be p laced   on  V H ~  as a f u n c t i o n   o f  V 
i n   o r d e r  to  de termine  a d e s i r a b l e  V s l .  The g r o u n d   r u l e s   f o r   t h e  M & S system 
do  not allow for increases   in   speed   on   succeeding   segments .   Therefore ,   whenever  
Vsl 6 VH2, t h e   h i g h e s t   v e l o c i t y   p e r m i t t e d   o n   s e g m e n t  2 must be e q u a l  t o  vs1 
t h a t  i s  V H ~  se t  e q u a l  t o  VS F i g u r e  B4 i l l u s t r a t e s   t h i s   s p e e d   o v e r l a p  case 
for   segments   Sn   for  n = 1 ,  1; and  3. By going   th rough a similar development 
as was done   fo r   t he   no -ove r l ap  case, a po lynomia l   i n  Vsl can be determined:  

S1 
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I \  

. 
S 1  s2 s3 

. 
D i s t a n c e  

Figure B4.- Speed-overlap  case on succeeding segments. 

where 

E = ET5 + kl (FD3) 

for which the  following  apply: 
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GENERAL DESCRIPTION OF RNAV 

Pos i t i on   and   T rack   In fo rma t ion  

I n  order to o b t a i n   t h e   d i s t a n c e s   a n d   a n g l e s   n e e d e d   i n   t h e  RNAV e q u a t i o n s ,  
t h e  a i rc raf t  estimated p o s i t i o n   m u s t   f i r s t  be determined.  With (XA,YA) d e f i n e d  
as t h e   a c t u a l  a i rc raf t  p o s i t i o n   a n d  (XV,Yv) as t h e  VOR/DME l o c a t i o n ,  a l i n e  
can be drawn  from  the VOR/DME s t a t i o n  to  t h e  a i rc raf t ,  as shown i n   f i g u r e  C1 ( a ) .  
The a n g l e  8 of t h i s   l i n e   f r a n   n o r t h  N and its l e n g t h  P are de termined  
from 

I f  AP and Af3 are the   combined   a i rbo rne   and   g round   e r ro r s ,   t hen   t he   a i r c ra f t  
l o c a t i o n  errors ( A X , A Y )  are determined  from 

The l o c a t i o n  errors are   added  to  t h e  a i r c r a f t ' s   p o s i t i o n  t o  s i m u l a t e  t he  raw- 
nav iga t ion   measu red   l oca t ion  (X,,Y,) : 

The  measured or i n p u t  cross-track error D i n  can now be determined.  A s t r a i g h t  
l i n e  is drawn  between  the two w a y p o i n t s   d e f i n i n g   t h e   c u r r e n t  a i r c ra f t  p a t h  as 
shown i n   f i g u r e  C1 ( a ) .  The d i s t a n c e  S f ran t h e   m e a s u r e d   a i r c r a f t   p o s i t i o n  
to  waypoint 2 is 
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( x P , l , y P , l )  
Waypoint 1 

V O R / D f l E  

(a)  P o s i t i o n   l o c a t i o n .  

4 

( X P , 2 J P , 2 )  

(b) Track-angle  error and cross- track  rate .  

Figure C1 .- Area  navigation model. 

1 02 



APPENDIX C 

a n d ,   t h e   b e a r i n g   a n g l e  6 is 

IT XP,2 - xM 
6 = - -  

2 tan-1 ( Yp,2 - yM) 

The b e a r i n g   a n g l e   y d  from waypoint 1 t o  waypoint 2 i s  determined f r m  

Angle rl is determined from 

The p e r p e n d i c u l a r   o f f s e t  of t h e  a i r c r a f t ' s  measured p o s i t i o n  from t h e   c o u r s e  
d e f i n e d  by waypoints  1 and 2 is t h e  c r o s s - t r a c k  error D i n  and is g iven  by 

If part  o f   f i g u r e  C1 (a )  is s l i g h t l y   r e d r a w n   i n   f i g u r e  C1 (b) w i t h   a n   a i r c r a f t  
g round   ve loc i ty  Vg and a ground- t rack   angle   ya ,   then  a track-error a n g l e  Ye 
is d e f i n e d   a s   f o l l o w s :  

The cross-track d e v i a t i o n  ra te  D is 

I n  order t o  smooth t h e  raw n a v i g a t i o n   i n p u t   d a t a ,  a s imple   cmplementary-  
type f i l t e r i n g  is done  on  the t rack p o s i t i o n .   I f   t h e   f o l l o w i n g  are d e f i n e d  as 

D a i r c ra f t  p o s i t i o n   d i s t a n c e  off track 

Din   nav iga t ion -measured   d i s t ance   o f f  track g i v e n  by e q u a t i o n  ((28) 

Dn e s t i m a t e d   p o s i t i o n  of D a t  time n a f t e r   s m o o t h i n g  
A 
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Dn . track-rate i n f o r m a t i o n  a t  time n 

Dp, n predicted p o s i t i o n  a t  n u s i n g  Dn,l and  Dn 
A 

t hen   t he   smoo th ing   func t ion   u sed  i s  

where A t  is t h e   p o s i t i o n   u p d a t e  time and K f  is a c o n s t a n t  selected a t  0.25. 
The f i l t e r  a c t i o n  is shown i n   t h e   f o l l o w i n g   s k e t c h :  

Waypoint 1 Waypoint 2 

The term Dn d e f i n e s  t h e  s m o o t h e d   e s t i m a t e d   p o s i t i o n  of D a t  time n,  which 
is  shown as (X,,Ys) i n   f i g u r e  C1 ( b ) .  

A 

Figure  C 2  c o n t a i n s   t h e   h o r i z o n t a l  p a t h  c o n t r o l   a l g o r i t h m  for FWAV guidance  
(see ref. 1 5 ) ,  for wh ich   t he   fo l lowing   app ly :  

@d desired bank a n g l e  

V a  t rue  airspeed 

R r a d i u s  of c u r v a t u r e  when f l y i n g  a curved  p a t h  
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Cross-track 
e r r o r  6, f t   l i m i t  +L 

Cross-track 
dev ia t jon  - 
r a t e  D, f t l s e c  *25" 

- @d K.i Limit 

Determined  nominal 
bank  angle  ONOM, deg ~~ I 

= I +Zoo when in  RNAV turn 

0" otherwise @ NOM 

K.  
Y 

7.12 

2 

KY 
- - 

0.5 f o r  IAS i 100  knots 
0.68 - 0.0018 IAS f o r  100 5 IAS 5 300 knots 
0 .14   fo r  IAS > 300 knots 

K j l  = I  
L = V K. s i n  YI 

a Y  

30" f o r  x < 30" 
90" f o r  x > 90" 
x otherwise 

yI 

Figure  C2.- H o r i z o n t a l   p a t h - c o n t r o l   a l g o r i t h m   f o r  RNAV guidance .  
(1 f t  = 0.3048 m; c o n s t a n t s  w i l l  change   i f  metric v a l u e s  are 
s u b s t i t u t e d .  ) 
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T u r n   A n t i c i p a t i o n  

For   an  RNAV a i rcraf t  f l y i n g  fran waypoint  A to  B t o  C as i n  f ig-  
ure C3, t h e   o b j e c t i v e  of t u r n   a n t i c i p a t i o n  is to  s t a r t  t h e  a i rcraf t  t u r n i n g  
toward waypoint C a t  a p o i n t  F s u c h   t h a t   t h e  a i rcraf t  f l i e s  a smooth  path 
toward  segment BC w i t h   n o   o v e r s h o o t   o f   t h e   c o u r s e .  As t h e   a i r c r a f t   f l i e s  from 
A to  B ( f i g .  C3) t h e   f o l l o w i n g   c a l c u l a t i o n  is made to d e t e r m i n e   t h e   d i s t a n c e  
d from B to i n i t i a t e   r o l l - i n  to  the  nominal   bank  angle  @NOM of t h e   t u r n :  

d = R t a n  (:) + r i  

where AY is the   change   in   heading   be tween  segments  AB and BC, R is t h e  
r a d i u s   o f   c u r v a t u r e   d e f i n e d  by 

for @NOM = 20°, and r i  is t h e   r o l l - i n   d i s t a n c e  t o  e s t a b l i s h   t h e   n o m i n a l  bank 
angle :  

r i  = Atv, 

wi th  A t  as t h e  time r e q u i r e d  to r o l l  into  nominal   bank:  

where @ L i m i t  = 4 d e g r e e s  per second. A roll-out d i s t a n c e  is a l s o   e s t a b l i s h e d  
t o  make a smooth  merge  with  course BC. A normal   bank  angle  of 00 is d e s i r e d  
a t  t h e   s t a r t  of t h e   s t r a i g h t   s e g m e n t   i f   t h e   a i r c r a f t  is on course and track. 
The d i s t a n c e  rQ shown i n   f i g u r e  C3 is t h e   d i s t a n c e   a l o n g   t h e   c u r v e d   p a t h  from 
t h e   e n d   o f   t h e   t u r n  when roll-out is s t a r t e d :  

@NOM 

@ L i m i t  

ro = - Va 

106 



APPENDIX C 

A 

F i g u r e  C3.- Geometry  of RNAV t u r n - a n t i c i p a t i o n   a n d  direct-to procedure.  

Direct-To  Funct ion 

When a direct-to message is i s s u e d  t o  t h e   a i r c r a f t   d i r e c t i n g  i t  t o  t u r n  
immediately t o  C from its p a t h  AB, a c a l c u l a t i o n  similar t o  t h a t   d o n e  for 
t u r n   a n t i c i p a t i o n  is performed. Equat ion  (C12) is e x e c u t e d   i n   a n   i t e r a t i v e  
process to de te rmine   d i s t ance  s i n   f i g u r e  C3. I n   t h e   i t e r a t i v e  process a 
l i n e  is c o n s t r u c t e d  from t h e   p o i n t  D' to t h e   p o i n t  C.  The p o i n t  D' is 
achieved  by a d d i n g   t h e   r o l l - i n   d i s t a n c e  r i  t o  t h e   p o i n t  D where t h e  
direct-to message occurs. Then e q u a t i o n  ((212) is execu ted   u s ing  A Y d '  i n s t e a d  
of A". T h i s   y i e l d s  t h e  f i r s t  approximat ion  for s .  T h i s   v a l u e   f o r  s is t h e n  
added t o  p o i n t  D y i e l d i n g  a f i r s t  approx ima t ion   fo r  E.  The  process  is t h e n  
r e p e a t e d  by c o n s t r u c t i n g   t h e   l i n e   f r o m  E to  C and   cont inuing  as b e f o r e   u n t i l  
t h e   p r o c e s s  has been  performed  f ive times. The p u r p o s e   o f   t h i s   i t e r a t i o n  is 
t o  o b t a i n  a good  approximation  for  s .  The f u n c t i o n   c o n v e r g e s   f a i r l y   r a p i d l y ,  
so f i v e   i t e r a t i o n s  were deemed adequate .  

A good  es t imate   of  s is needed  because a direct-to RNAV c o n s t r u c t s   a n  
imaginary  waypoint  a d i s t a n c e  s from p o i n t  D as shown i n   f i g u r e  C3. T h i s  
p o i n t  is c o n s t r u c t e d  so t h a t   t h e   a i r c r a f t   b e g i n n i n g  its t u r n  a t  D w i l l  f l y  
to  t h e   p a t h  EC similar t o  t h e  way i t  does toward BC i n   t u r n   a n t i c i p a t i o n ,  
t h a t  is, a smooth pa th   hav ing   no   ove r shoo t .  
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METERING  AND SPACING LOGICAL FLOW CHARTS 

Logical flaw c h a r t s  for t h e  major M & S sequencing,   schedul ing,   and 
schedu le -ma in tenance   con t ro l   rou t ines  are p r e s e n t e d   i n   t h i s   a p p e n d i x .   E x p l a -  
n a t i o n s  of the   speed-opt ion   and  DICE procedures  are c o n t a i n e d   i n   t h e   m a i n  body 
of t h e  report. The l o g i c a l  flow cha r t s   wh ich  are i n c l u d e d   c o n s i s t   o f   t h e  
fo l l awing :  

F i g u r e  

Twenty-minute   f l ight-plan  message (FLTP20) . . . . . . . . . . . . . . . .  Dl 

Five -minu te   f l i gh t -p l an   message  (FLTP05) . . . . . . . . . . . . . . . . .  D2 

Master c o n t r o l   r o u t i n e   f o r   s c h e d u l e   d e t e r m i n a t i o n  
and  maintenance (TENTSEQ) . . . . . . . . . . . . . . . . . . . . . . .  D3 

Schedule   t ime-of -ar r iva l   computa t ion  (SLTOMP) . . . . . . . . . . . . . .  D4 

Schedule   s l ippage  (SLIPSLT) . . . . . . . . . . . . . . . . . . . . . . .  D5 
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- 
Estimated  time  of  arrival 
a t   t h e   i n i t i a l   f i x  (IAF) f o l  
a i r c r a f t  i s  20 l n i n  from 
the  control-function time 
s tored   for  this a i r c r a f t  i n  
the  en route  queue. (The 
par t icu lar  en route queue 
i s  dependent on the  IAF 
toward which t h e   a i r c r a f t  
i s   f l y i n g . )  

1 1 

For t h i s   a i r c r a f t  deterrnine 
sepa ra t ion   c r i t e r i a  behind 
l a s t   a i r c ra f t   accep ted  on 
the  desired  route 

P lace   a i r c ra f t  back 
in  en route queue 
and increment  con- 
trol  function  time 
by 4 sec - 

yes 

I 

Compute ETA 
a t   t h e   g a t e  

I I 

v 
Compute desired  metering 
scheduled OM time (MSMT) 
based on  MSMT of l a s t   a i r -  
c ra f t   accepted   in to   the  
M&S system 

I 

Determine the delay 
required  to  meet 
the  MSMT 

(a) Page 1 of FLTF’20 subroutine. 

Figure Dl . - Twenty-minute flight-plan message (FLTPZO) . 
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Metering delay  required; ETA 
a t  5 min  from IAF i s  com- 
puted  assuming the necessary 
delay i s  absorbed en route 
and an a r r iva l - t ime  e r ror  

No metering  delay  required; 
ETA a t  5 min  from IAF 
i s  computed assuming  an 
a r r iva l - t ime  e r ror  

1 
1 

Adjust the ETA a t  5 m i n  
from t h e   f i x  i n  o rder   to  

*insure  separation between 
a i r c r a f t  

J 

J 
Accept the a i r c r a f t  
in to   the  M&S system 

1 

1 
Dele te   the   a i rc raf t  from the 
en route  queue l i s t  of a i r -  
c r a f t   wa i t ing   fo r  Zg-rnin 
flight-plan  messages. (The 
par t icu lar  en route  queue 
i s  dependent on IAF toward 
which a i r c r a f t   i s   f l y i n g . )  

1 
Place   the   a i rc raf t   in to  
the en route queue l i s t  
of a i r c ra f t   wa i t ing   fo r  
a 5-min f l igh t -p lan  
message.  (The control - 
funct ion  t ime  is  based 
on the computed ETA a t  
5 min  from the I A F . )  

1 
, 

Return 

(b)  Page 2 of FLTPZO subroutine.  

Figure Dl .- Concluded. 

11 0 



APPENDIX D 

Determine ETA a t  the 
i n i t i a l   a r r i v a l   f i x  1 (IAF) 

Determine  speeds and a l -  
t i t u d e s   f o r   t h i s   a i r -  
c r a f t  over  the  f ix and 5 
min before  the  f ix 

Stack  full  ; 
l eave   a i rc raf t   in  
the en route 

! queue bu.2 incre- .: 
ment control 
function  time by 

I 
- 4  sec 

23 Return 

I t 1 

Compute elapsed time for  
t h i s   a i r c r a f t  t o  f l y  be- 
tween the  terminal  area 
perimeter a n d  the IAF - 

Determine the 
ETA a t  per i -  
meter 

Accept t h e   a i r c r a f t   i n t o  
the   ac t ive   t r a f f i c  of 
the mo.del 

( a )  Page 1 of FLTP05 s u b r o u t i n e .  

F i g u r e  D2.- F i v e - m i n u t e   f l i g h t - p l a n  message (FLw05)  . 
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Q - + 
Assign  flight  segments  to 
the  aircraft  from  the  peri- 
meter  to  the IAF and  develop 
appropriate  controller  mes- 
sages I 

1 
Perform  initial  terminal 
sequencing  and  scheduling 

\' 
Return 

(b)  Page 2 of FLTP05 s u b r o u t i n e .  

F i g u r e  D2.- C o n c l u d e d .  
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Compute OM t ime  assuming 
s l o w e s t   p o s s i b l e  speeds 
f r o m   p r e s e n t   p o s i t i o n  
(XMLLT) 

---”- 

i Compute OM time  assuming 
highest  speed on p r e s e n t  
segment  and lowest  speeds 
on f u t u r e  segments  (XLLT) 

(a )  Page 1 of TENTSEQ s u b r o u t i n e .  

F i g u r e  D3.- Master c o n t r o l   r o u t i n e   f o r   s c h e d u l e   d e t e r m i n a t i o n  
and  maintenance (TENTSEQ) . 



APPENDIX D 

OM t ime  based on maximum 
path  and  speed  contro l  
(XMDELAY) i s   t h e  same as t h e  
OM t ime  on the   nomina l   pa th  
assuming  slowest  speeds  from 
p r e s e n t   p o s i t i o n  

I 

yes 

Compute OM t ime  assuming 
maximum p a t h  and  s lowest 
speeds  f rom  p resent   pos i -  
t i  on ( XMDELAY) 

1 

f 
Compute OM t i m e  
assuming  nominal 
path  and  nominal  
speeds (TETA) 

T 

Compute  an  amount o f  de- 
l a y   t i m e   w h i c h  will be 
r e s e r v e d   f o r   f u t u r e  
de lays  

/ 3 1 1  
The maximum OM t ime  
(XMDELAY) i s  t he  OM 
t ime  (TETA) p lus   a  
maximum d e s i r a b l e  
h o l d   t i m e  

(b )   Page  2 of TENTSEQ s u b r o u t i n e .  

F i g u r e  D3.- C o n t i n u e d .  
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Enter  this  aircraft 
initially  into  the 
ETA  array;  assign  a 
preliminary  scheduled 
OM time  of  arrival 
(SMT) . 

APPENDIX D 

P 
Locate  position of aircraft 
i n  ETA array  and  retrieve 
previously  assigned SMT and 
previously  calculated  ETA 

1 

Update  the 
ETA array 

Recompute  desired 
landing  sequence 
and  scheduled OM 

(c) Page 3 of TENTSEQ s u b r o u t i n e .  

F i g u r e  D3.- Continued.  
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no 

Perform  schedule s l i p -  
page (SLIPSLT) and 
update ETA array 

Compu t e   r e -  
quired  delay 

1 
Determine possible 
delay i n  future  

quate  de- 

(a) Page 4 of TENTSEQ s u b r o u t i n e .  

Figure D3.- Cont inued .  
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Compute de- 
s i red  speed -< yes 

(SPDOPT) 

I 

Reini t ia l ize   control  
indicator   to   prepare 
for   reen t ry   in to   se -  
quencing and schedul- 
i n g  routine  with  al-  
ternate  path 

23 Return 

1 n o  

no 

Recompute maximum 
delay p a t h  based 
on future  delay 

1 
1 

Assign a hold; hold for   the  
required  delay minus a per- 
centage of the  delay pos- 
s ib l e   i n   t he   fu tu re  

d 

(e) Page 5 of TENTSEQ subroutine.  

Figure D3.- Continued. 
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s tored  i n  the ETA 
a r r a y   f o r   t h i s  
a i r c r a f t  

cannot be resolved 
f o r  this a i r c r a f t  

1 
lowest 

een assigned 
c r a f t ?  

t o  a i r -  

hold? 

f 
Aircraf t   c leared  
to  leave  holding 
f i x  - s e t   t h e  i n -  
d i ca to r  i n  the  ETA 
a r r ay   t o  0 

I 

Store  the maximum p a t h  
ETA as   the  nominal ETA 
f o r   t h i s   a i r c r a f t  

( f )  Page 6 of TENTSEQ subroutine.  

Figure D3. -  Continued. 
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I 

U p d a t e   l a t e s t  
p o s s i b l e  OM 
t ime  

no 
T + 

T 

Return 

(9) P a g e  7 of TENTSEQ s u b r o u t i n e .  

F i g u r e  D3.- C o n c l u d e d .  
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Return 

I no + 
Examine a l l   a i r c r a f t  which have 
not been firmly  sequenced and 
divide them in to  two groups - 
t h o s e   a i r c r a f t   t h a t  have not 
passed  the  holding  fix and those 
a i r c r a f t   t h a t  have 

I yes 

Looking a t   t h e   a r r a y   o f   a i r -  
c r a f t  which have passed the f i x  
use ETA t o   o r d e r   a l l   a i r c r a f t  
ahead of t h i s   a i r c r a f t  ( u p  t o  
t h e   l a s t   f i r m l y  sequenced one) 
and  u p  t o  3 behind 

~~~ 

Looking a t   t h e   a r r a y  of a i r c r a f t  
which have not  passed  the 
holding f ix ,   o rde r  them on 
ETA'S which do not  include 
holding  times 

(a) Page  1 of SLTCOMP s u b r o u t i n e .  

F i g u r e  D4.- S c h e d u l e   t i m e - o f - a r r i v a l   c a m p u t a t i o n  (SLTOMP).  
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c 
Using ETA'S which inc lude   a l l  
assigned  delays, merge t h e  two 
groups  of  aircraft   (before and 
a f t e r  the f i x )  on a first-come 
f i r s t - s e r v e  (FCFS) pr inciple;  
merged array  indicates  desired 
sequence  priority 

I n i t i a l i z e  new SMT as -   In i t i a l i ze  new SMT 
signment w i t h  the a i r -  no  Yes assignment w i t h  l a s t  
craft   assigned  highest  
sequence p r i o r i t y  

* firmly sequenced 
a i r c r a f t  

I 

r- 

1'" 

h 

The s e t  of DSMT's be- 
more a1 r- no comes the new SMT's; 

cupdate  the ETA array 
for   the  new sequence 
a n d  new  SMT's 

I 

- 

1 * 

Compute a desired  scheduled OM 
time (DSMT) fo r   nex t   a i r c ra f t  in Return 
the  desired sequence p r i o r i t y  
array  allowing  for  adequate sep- 
arat ion between a i r c r a f t  

Save t h i s  
DSMT 

Yes 

1 

(b)  Page 2 of SLTCOMP subroutine.  

Figure D 4 . -  Continued. 
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New SMT assignment is  
not   des i rab le ,   re ta in  
old SMT's 

* 

I yes 
, + 

Return Swap t h i s   a i r c r a f t  w i t h  the  
a i r c r a f t  ahead in   the  desired 
sequence-prior i ty   array 

Back-up the   po in te r   to   the  
desired  sequence-priority  array 
such t h a t   t h i s   a i r c r a f t  (which 
just received a h igher   p r ior i ty  
s t a tus )   w i l l  be reconsidered 
f o r  an ear l ier   scheduled OM 
time 

? 

I i 

c r a f t  now have 
ighest   pr i  - 

8' 
(c 1 Page 3 of SLT(30MP subroutine. 

Figure  D4.- Concluded. 
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SLIPSLT 

Desired OM time 
(DSMT) f o r  this 
a i r c r a f t  is the 
ETA a t   t h e   g a t e  

L 

> 

Zalculate the de- 
sired  scheduled OM 
time (DSMT) proper- 
ly  separated w i t h  
t h e   a i r c r a f t  ahead ppage 

forward 

Apply s l ack   r e s t r i c t ion  
t o  DSMT ca lcu la t ion  

I 
Attempt  forward s l ippage 
f o r   a i r c r a f t  behind which 

i f  slippage i s  possible ,  
s e t   f l a g   t o   t r i g g e r  DICE 

- .4 are  w i t h i n  DICE region; 

(a) P a g e  1 of SLIPSLT subrout ine.  

F igure  D 5  .- S c h e d u l e  slippage (SLIPSLT) . 
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t 
I 

Attempt backward s l ippage  
f o r   a i r c r a f t  behind; 
discontinue when s l i p -  
page i s  no longer 
necessary 

t 
Return 

(b)  Page 2 of SLIPSLT s u b r o u t i n e .  

F i g u r e  D5 .- Concluded. 
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